



LONG-RANGE DISPERSAL BEHAVIOUR 
AND SPATIAL DISTRIBUTION MODELLING  
OF ADULT MOSQUITOES IN THE WINNIPEG REGION 
 















The University of Winnipeg 
Department of Biological Sciences 




A thesis submitted to the Faculty of Graduate Studies  
in partial fulfillment of the requirements for a 













Mosquitoes are present in virtually every nation worldwide, acting as both a vector 
for many serious pathogens, and as a nuisance because of their blood-feeding behaviours. 
As a principle of Integrated Mosquito Management (IMM), pre-emptive rather than 
reactive mosquito control measures are recommended and have been shown to be effective 
in suppressing mosquito populations. However, pre-emptive actions require insight into 
the spatial dynamics of mosquitoes to be effective, as mosquito dispersal behaviour is 
broadly influenced by local environmental conditions and species physiology. 
 This research project was designed to investigate the dispersal behaviour and 
landscape ecology of adult mosquitoes in the Winnipeg region in central Canada. In 
Manitoba, mosquitoes primarily present an annoyance rather than a public health risk, 
though a risk of exposure to several mosquito-borne diseases persists in southern Manitoba. 
As part of the Winnipeg’s long-standing IMM program, the city maintains a mosquito 
control buffer zone extending approximately 10 km beyond the city limits. Within this 
zone, a surveillance program is implemented for adult and larval mosquitoes and 
larviciding operations occur when necessary. However, there is a lack of local evidence to 
justify the size of this zone, and literature addressing the establishment of effective buffer 
zones for mosquito control is nearly non-existent. Assessment of the potential effectiveness 
of a buffer zone requires information on mosquito flight ranges and dispersal behaviours, 
as well as knowledge of their overall distribution. This study 1) demonstrates two 
approaches that are commonly used to characterize mosquito behaviour for the purpose of 
optimizing control measures: mark-release-recapture (MRR) experiments and spatial 
distribution modelling, and 2) uses the results of these approaches to infer the potential 
effectiveness of the mosquito control buffer zone surrounding Winnipeg. 
Mark-release-recapture studies have long been used to measure mosquito flight 
distances and to investigate the environmental drivers of dispersal movement. In this study, 
field-sourced larval mosquitoes were reared to adulthood and marked with fluorescent dust 
prior to release. I hypothesized that mosquitoes would actively disperse towards areas with 
higher moisture profiles, such as those with dense canopy cover or near bodies of water. 
Additionally, I predicted that females would orientate toward areas with high densities of 
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their preferred hosts. With Winnipeg mosquito buffer in mind, these experiments were 
designed to a) establish the flight ranges of common mosquito species, and b) discern the 
influence of landscape-based variables on adult mosquitoes dispersing into the urban areas 
of Winnipeg from the peri-urban outskirts. 
Recaptured mosquitoes included primarily Aedes vexans, Culiseta inornata, and 
Coquillettidia perturbans, all of which were recaptured 3 km or more from a single release 
site located on the southern edge of the City of Winnipeg within a few days of release. 
Female Ae. vexans were found to commonly travel more than 3 km following release, and 
male recaptures were often observed several kilometres from the release site. A few female 
Ae. vexans were recaptured over 15 km away, but the lifetime flight range for most (90%) 
is estimated to be over 8 km. Female Cs. inornata movement was in part influenced by the 
presence of mammalian livestock. While too few Cq. perturbans were recaptured to 
estimate mean flight distance or total flight range, in two separate events, marked 
individuals were recaptured over 26 km from the release site. Generally, mosquitoes 
appeared to be more prevalent in areas with extensive vegetative cover, and findings 
suggest these areas may act as corridors that facilitate dispersal into urban areas. 
Remote sensing data and spatial models created with Geographic Information 
Systems (GIS) platforms are increasingly being used to help clarify landscape-wide 
patterns of mosquito distribution. The approach presented here used nine consecutive years 
of trap data from Winnipeg’s mosquito surveillance program to model mosquito 
distribution in unsampled areas. Landscape-based variables such as distance to nearest 
river, land cover and land use classes, as well as vegetation and wetness indices were 
extracted for the study area using Sentinel-2 satellite imagery at a resolution of 10 m. 
Circular zonal areas (“buffer zones”, though not to be confused with the mosquito control 
buffer zone surrounding Winnipeg) generated at varying distances around traps were used 
to characterize habitats in terms of these variables. These were then used as explanatory 
variables in random forest regressions iterated to identify key predictors of mosquito 
distribution. The maps produced from the final models identified “hotspots” within the 
Winnipeg area several common local mosquito species. I hypothesized that mosquito 
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populations would be densest in areas with high moisture profiles, such as vegetated 
regions near rivers, as was implied by the MRR experiment outcomes.  
Hotspots for Ae. vexans and Cx. restuans confirmed this hypothesis, as these were 
clustered within riparian areas closest to rivers. Conversely, population hotspots for Cx. 
tarsalis were located near or beyond city limits. No consistent trends were identified for 
Ae. dorsalis. Influence of certain vegetation-based land cover classes such as cultivated 
land, grass and forest were more important in predicting mosquito distribution at larger 
scales (500 to 1000 m) in comparison to land use classes such as commercial or industrial 
areas which influenced mosquito distributions at smaller scales (50 to 100 m). These 
support the hypothesis that relationships between mosquitoes and their surroundings 
extend beyond the reach of their olfactory or visual senses and that larger scale landscape 
factors also influence mosquito movement to a significant extent. 
Based on these findings, we can infer that many mosquito species are capable of 
dispersing distances that justify the extent of the current buffer zone surrounding the 
Winnipeg city limits. The results from the MRR experiments demonstrated that these 
mosquitoes could disperse several kilometres into the city from outside its limits. However, 
the MRR experiments were not designed to fully address the directionality of their 
movements, and mosquitoes may be dispersing towards rural areas as well. The results of 
both the spatial distribution models and the MRR experiments provided similar insights 
regarding habitat preferences. Most prominently, the distribution and dispersal patterns of 
Ae. vexans suggests that mosquitoes may be using vegetated riverbanks as corridors for 
dispersal. Additionally, the risk of encountering the medically important species Cx. 
tarsalis increases with greater distances from the city center. Both these findings indicate 
that the diversity in habitat preference for Winnipeg’s mosquitoes would necessitate 
thorough monitoring and treatment of larval habitats to prevent most mosquitoes from 
immigrating into the city. This may be impractical, nay impossible given the nature of the 
breeding habitats preferred by Ae. vexans (soils with intermittent flooding) and Cx. tarsalis 
(small and discrete artificial containers) and the difficulty associated with treating these. 
Regardless, these results illustrate an improved understanding of the landscape ecology of 
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CHAPTER 1 – INTRODUCTION 
Mosquitoes are present in virtually every nation worldwide and act as both a vector 
for many serious pathogens, and a nuisance as the consequence of their blood-feeding 
behaviours. Globally, mosquito-borne illnesses are responsible for over one million human 
deaths annually (WHO 2019) and place a significant strain on many economies and greatly 
increase public health costs (Gubler 2002a; Barber et al. 2010; Utz et al. 2018). Even in 
regions where some mosquito species persist primarily as a nuisance to the public, such as 
the study area in Manitoba (Canada), transmission risk of West Nile virus, Western Equine 
Encephalitis, and other illnesses is still present. Additionally, nuisance and exposure risk 
to life-threatening mosquito-borne illnesses may negatively affect property value, tourism, 
and economic development (AMCA 2017).  
Many organizations with responsibilities for mosquito control approach this 
challenge using integrated mosquito management (IMM), which employs of a broad range 
of practices to control mosquito populations. Within an IMM framework, mosquito control 
makes use of conventional insecticide usage (adulticide) alongside surveillance, mapping, 
establishment of action thresholds for control decisions, reduction of immature mosquitoes 
and their source habitat, resistance monitoring, public outreach, and biological or genetic 
control agents. The goal of this strategy focuses on long-term suppression of mosquito 
populations in a manner which is environmentally sustainable and results in the least 
economic injury (AMCA 2017). 
Increasingly, mapping and analysis of spatial data using Geographic Information 
Systems (GIS) platforms is being recognized as a powerful tool in IMM to enhance 
surveillance and control operations.  A recent global emergence and resurgence of 
mosquito-borne diseases, such as dengue, zika and West Nile virus (Gubler 2002b; Vega 
Rúa and Okech 2019), has emphasized the importance of developing spatial models to 
predict mosquito activity and disease risk (Ostfeld et al. 2005; Winters et al. 2008; 
Palaniyandi 2012; Clements et al. 2013; Fouet and Kamdem 2018; Tjaden et al. 2018). 
When making control decisions, spatial models should be created and tailored to an 
area’s unique geography and consider biologically relevant information about the target 
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species. As mosquitoes exhibit species-specific habitat preferences, spatial IMM models 
have been designed to capture their distributions with respect to climatic and landscape-
based variables (Diuk-Wasser et al. 2006; Reiter and LaPointe 2007; Chuang et al. 2011; 
Landau and van Leeuwen 2012; Ibañez-Justicia and Cianci 2015; Zittra et al. 2017). 
Integration of these variables in models is essential when facing global climate change and 
changes in patterns of human land use.  
Since the late 1970s, the City of Winnipeg’s Insect Control Branch (ICB) has 
adopted the principles of IMM to monitor local mosquito populations and undertake 
mosquito control measures based on surveillance data (City of Winnipeg 2015). While 
advocating for public education and community outreach to aid mosquito control, the 
ICB’s mosquito control program utilizes both larval and adult mosquito surveillance to 
support decisions for the application of control agents as needed. Larval and adult mosquito 
stages are regularly sampled and examined to monitor the presence of significant disease 
vectors and their pathogens.  
The adult mosquito population in Winnipeg and its surrounding area is sampled 
using an assemblage of standard New Jersey Light Traps (NJLTs). These are used to 
determine the effectiveness of larvicide activities and to monitor population numbers of 
either nuisance or vector mosquitoes in advance of adulticide actions. Adult trap 
surveillance also has a secondary purpose in monitoring the species composition of local 
population, as well as their habitat preferences (City of Winnipeg 2015).  
For surveillance of larval mosquitoes, the Winnipeg ICB currently uses a GIS 
(Geographic Information System) to inventory all known larval mosquito development 
sites within the city as well as within a “buffer” zone beyond the city’s boundaries. As per 
the City of Winnipeg Charter Act section 134(2) (d), the city has authority to larvicide 
mosquito larval development sites extending up to 24 km past its limits (Government of 
Manitoba 2002). However, buffer zone operations typically extend only 8 to 12 km (usually 
<10 km) beyond city boundaries, as resources and time do not normally allow for the 
maximum buffer size to be maintained (City of Winnipeg 2019). Regardless, there is little 
local evidence to support the effectiveness of this buffer area at any size, and literature on 
the topic is limited. 
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When coupled with the use of a GIS platform to derive maps, insights from analyses 
of archival mosquito surveillance data can help to clarify spatial patterns of adult mosquito 
distribution. Geographic visualization of analysis results may allow for better prioritization 
of mosquito control measures to areas where nuisance and risk for pathogen transmission 
are likely to be highest. Additionally, as mosquito movement results in their distribution 
across an urban environment, these models can be supported by insights from MRR 
experiments. An improved understanding of the movement and landscape ecology of 
mosquitoes will allow for more effective mosquito management operations. Additionally, 
it may provide additional information to the public, government and other stakeholders 
concerning optimal approaches to mosquito control.  
Within this thesis, Chapter 2 will serve as an informational primer to the experiments and 
analyses discussed in Chapters 3 and 4, which showcase the process and outcomes of the 
MRR experiments and the GIS analyses, respectively. The objectives for Chapter 3 are as 
follows: a) To perform mark-release-recapture (MRR) experiments and discern the general 
influence of landscape-based (i.e., land cover and use) variables on adult mosquitoes 
dispersing into the Winnipeg urban area from the periphery of the city; and b) to assess 
whether the current buffer zone, in which ICB staff monitor and control larval populations 
around the Winnipeg urban area, is sufficient with respect to the dispersal capabilities of 
common mosquitoes in the region. For Chapter 4, objectives were to: a) determine the key 
predictors of adult mosquito distribution in relation to landscape characteristics such as tree 
cover, proximity to rivers and built areas; and to: b) derive maps from these predictors that 
identify the locations that are likeliest to harbour the most abundant mosquito populations. 
Studies from both chapters converge on a single hypothesis: adult mosquitoes will exhibit 
dispersal patterns driven by landscape-based factors. More specifically, I predict that 
mosquitoes will show preference in their dispersal and distribution to areas with higher 
moisture profiles, such as those with high vegetation cover, or near rivers, with females 
showing affinity towards areas with high densities of their preferred hosts. 
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CHAPTER 2 – LITERATURE REVIEW 
2.0 – Mosquitoes and public health 
 Mosquitoes are small, inconspicuous flies (Order: Diptera) contained in the family 
Culicidae within the suborder Nematocera (“thread-horned flies”). At the time of this 
writing, a total of 3,565 species have been described (Harbach 2013), and over a hundred, 
mainly of the genera Aedes Meigen, 1818, Culex Linnaeus, 1758, and Anopheles Meigen, 
1818 are competent vectors of various pathogens affecting humans and other animals 
(Rueda 2008). Mosquito-borne diseases (MBD) have killed more people than all the wars 
in human history, and continue to infect and debilitate an estimated 700 million each year 
globally (Caraballo and King 2014). These include parasitic infections, such as malaria and 
filariases (e.g., dog heartworm), as well as viral diseases, such as dengue, yellow fever, 
chikungunya, and many viral encephalitides (Service, 2008).  
While risk of mosquito-borne pathogen transmission is highest in tropical and 
subtropical climates, this danger is not absent from temperate regions. In the United States, 
significant annual economic losses in the millions of dollars are derived from the morbidity 
and mortality caused by West Nile virus, Eastern Equine Encephalitis virus, and LaCrosse 
virus, among others (Villari et al. 1995; Barrett 2014; Staples et al. 2014; Utz et al. 2018). 
Others have found that even in the relative absence of a significant threat to public health, 
nuisance mosquitoes can also affect the mental health and quality of life of the public 
(Worobey et al. 2013; Halasa et al. 2014).  
In Manitoba, mosquitoes primarily present an annoyance rather than a public health 
risk, though a risk of exposure to several MBDs persists in southern Manitoba. Throughout 
the mid-1970s and early 1980s, outbreaks of Western Equine Encephalitis virus persisted 
across the prairie provinces of Canada (Alberta, Saskatchewan and Manitoba), harming 
both humans and horses (Sellers and Maarouf 1988). Additionally, fewer than 10 human 
West Nile virus cases per year on average have been reported in the last decade, though 
epidemic years with up to 585 recorded cases have been observed (Government of 
Manitoba 2018).  
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2.1 – Mosquito biology 
Unless otherwise cited, the following description of mosquito biology has been 
taken from comprehensive published resources by Rueda (2008), Service (2008) and 
Becker (2010).  
Mosquitoes are insects which undergo complete metamorphosis (holometaboly) as 
they pass through three distinct immature aquatic stages; the egg, larva, and pupa, before 
their emergence as free-flying adults. Food availability and weather conditions both 
contribute to variable life cycle lengths within populations of the same species and between 
different species (Bowles and Swaby 2006).  
The mechanics of oviposition (egg-laying) varies across genera, though the female 
adult generally lays several hundred eggs singly (as in genera Aedes and Anopheles) or in 
clusters known as “rafts” (as in genera in Culex and Culiseta Felt, 1904). Eggs are typically 
deposited on the surface of still waters, though some genera specifically prefer to oviposit 
on aquatic vegetation, in moist soils or in artificial containers which flood or collect water. 
Mosquitoes are prolific in their colonization of aquatic habitats, occupying those that are 
temporary or permanent, clean, or polluted, and natural or artificial, including large 
floodplains to small containers (e.g., tires and flower vases).  In many species, eggs enter 
a period of suspended development (diapause) in the event of adverse environmental 
conditions such as extreme cold or drought. Eggs often require a specific environmental 
stimulus to hatch, such as a flooded environment, an increase in the day length or 
temperature of the air above, or a decrease in dissolved oxygen in the water below. These 
specific stimuli may be subject to differences between species, as well as differences 
between populations, which may be adapted to the hydrological characteristics of their 
specific environments. 
Once hatched, larvae progress through four successive molting (instar) stages 
before developing into pupae. Larvae cannot breathe underwater and must take in air from 
the water’s surface or from aquatic plants (e.g., in Coquillettidia Dyar, 1904 spp.). Most 
mosquito species filter-feed on aquatic microorganisms and other organic matter such as 
detritus for the duration of their larval stage (5 to 14 days depending on temperature). The 
pupal stage is short-lived (2 to 3 days, up to 12 days in cooler climates) and does not feed. 
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Once development is complete, the cephalothorax splits and the adult mosquito emerges at 
the surface of the water. 
Shortly after emergence from the pupa, mosquitoes mate in swarms where 
copulation takes place during flight. In this sense “site of emergence”, “breeding site” and 
“oviposition site” are synonymous terms. Most mosquitoes only mate once, as sperm 
obtained by a female serves to fertilize all eggs throughout her lifetime. In most species, 
female mosquitoes are nonautogenous, meaning they must obtain a blood meal to complete 
the development of eggs prior to oviposition. Some species are truly host-specific, and are 
adapted only to feed on humans or other types of animals, such as mammalian or avian 
livestock, wildlife, or pets (Takken and Verhulst 2013). Other species are opportunistic in 
their host choice and may feed on a variety of hosts. Once host blood has been digested 
and the eggs are fully developed, the female begins to search for habitats suitable for larval 
development.  
The average maximum flight distance of adult mosquitoes is highly variable, 
ranging from 50 m to 50 km, depending on the species, with variation between populations 
within species (Verdonschot and Besse-Lototskaya 2014). While there are few exceptions, 
mosquito flight behaviour is termed “dispersive” and not “migratory”. As described by 
Service (1997), true migratory behaviour in insects is 1) associated with purposeful 
colonization or return to a specific region and 2) mostly observed in pre-reproductive 
females. Nevertheless, observed “migrations” in mosquitoes are often synonymous with 
passive (or non-appetitive) flight behaviour, which serves no physiological need. This 
passive flight behaviour is frequently unidirectional and influenced primarily by wind 
velocity (to the degree that upwind dispersal is not possible) (Garrett-Jones 1950; 
Bidlingmayer 1964; Schäfer et al. 1997). Certain species are adapted to disperse during 
strong wind events (Service 1980), but in general the survival rate during wind-assisted 
dispersal is likely lower due to harsher conditions (Bell et al. 2005). Temperature, humidity 
and illumination levels are also influential factors in passive flight behaviour (Platt et al. 
1957; Bidlingmayer 1964; Lewis and Taylor 1967).  
Active dispersal, also referred to as “appetitive” or “oriented” flight behaviour, 
stands in contrast to passive dispersal (“non-appetitive” or “non-oriented”) and comprises 
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shorter daily flights to search for hosts, nectar, mates, oviposition sites, and resting areas 
(Verdonschot and Besse-Lototskaya 2014). This type of dispersal is sensitive to 
microclimate, and is thus influenced by local topography, vegetation structure and host 
presence or density (Verdonschot and Besse-Lototskaya 2014), though said to be relatively 
independent of wind direction (Bailey et al. 1965; Dow et al. 1965; Reisen and Lothrop 
1995). While active dispersal is essential in understanding ecological interactions 
involving mosquitoes, passive flight is significant in that it may enable mosquitoes to travel 
further than the few kilometers generally observed by their active dispersal. 
Female mosquitoes actively locate hosts, oviposition and sheltering sites primarily 
using airborne olfactory cues leading to chemotaxis (movement toward a potential source) 
(Takken and Knols 1999). While research concerning their flight orientation with respect 
to olfactory cues is limited, female mosquitoes have been observed to fly upwind toward 
the source of host odours, with this behaviour amplified with increasing concentrations of 
the host odorant. Geier et al. (1999) demonstrated that different host odour cues could elicit 
upwind flight dependent on cue-specific plume structure, consistent with the expected 
pattern of emission for different cues (i.e., continuous large, undisrupted emissions from 
the skin compared to periodic breath exhalations). These chemical cues include various 
odorous organic chemicals given off by host skin emanations (e.g., sweat) or products of 
respiration, such as carbon dioxide, lactic acid or octenol (Bowen 1991; Zwiebel and 
Takken 2004). Other olfactory stimuli include acetone, butanone and other phenolic or 
carboxylic acids (Takken 1991). Visual colour cues have also been reported to affect the 
close-range oviposition response of several species (McCrae 1984; Li et al. 2010), whereas 
warmth (Peterson and Brown 1951; Khan et al. 1968; Eiras and Jepson 1994), humidity 
(Olanga et al. 2010) and body mass (Smith 1956; Carnevale et al. 1978) may modify the 
dispersal and effect of volatile odorant cues (Takken and Verhulst 2013). Research 
pertaining to host-seeking behaviour with respect to specific odorant compounds has 
generally been restricted to species with significant medical importance, such as Aedes 
aegypti (Linnaeus, 1762) and Anopheles gambiae Giles, 1902. Specific host preferences 
will affect the distance and direction of active dispersal, as more ornithophilic species will 
disperse short distances vertically towards tall trees, whereas mammal-feeding species will 
expend more energy on horizontal dispersal (Verdonschot and Besse-Lototskaya 2014). 
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However, the olfactory sensilla on the antennae which house the sensory structures 
responsible for detection of these cues are similar across medically important mosquito 
genera (Bowen 1991). 
Service (1997) added that it may be most helpful to regard all flight behaviour on a 
continuum between appetitive and non-appetitive, given the number of variables involved.  
As such, the research presented in Chapters 3 and 4 considers that the observed spatial 
distribution of mosquitoes may result from factors pertaining to both appetitive and non-
appetitive flight behaviour simultaneously. Understandings of both long-range, passive 
dispersal, as well as short-range, landscape-dependent active dispersal can be equally 
important in establishing a control strategy which is appropriate to its locality. 
2.2 – Species of interest 
 The mosquito nomenclature adopted in this thesis reflects a simplified taxonomic 
classification system reinstated by Wilkerson et al. (2015), wherein Ochlerotatus Reinert, 
2000 is retained as a subgenus within the genus Aedes, instead of representing its own 
genus. Changes in the taxonomic rankings of the tribe Aedini Neveu-Lemaire, 1902 first 
proposed by Reinert (2000), and later subject to extensive morphology-based phylogenetic 
studies by Reinert, Harbach and Kitching (2004; 2006; 2008; 2009) have been 
inconsistently applied across the literature, and explicitly resisted by major journals 
(Weaver 2005; Reisen 2016), including journals to which the above authors have since 
contributed (Harbach et al. 2017).  
While recognizing that progress should be made toward establishing monophyletic 
groups of species, the nomenclature used here aligns with the recommendations that 
mosquitoes should be identifiable to genus without necessitating the dissection of genitalia 
as is required by the new Aedini classification scheme (Savage and Strickman 2004). 
Confusion among the operational mosquito control community should be avoided until 
these taxonomic rankings are stabilized (Wilkerson et al. 2015). Where applicable, species 
which have been placed in the genus Ochlerotatus proposed by Reinert (2000), will be 
initially indicated in parentheses following the original generic designation of “Aedes”.  
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As of 2015, City of Winnipeg ICB staff have identified 40 mosquito species within 
the City of Winnipeg control zone (City of Winnipeg 2015). A full list of these species 
appears in Appendix I. For concision, only those which are observed in appreciable 
numbers in ICB trap collections (from 2007 to 2015) or are significant as disease vectors 
for human and livestock will be discussed. In order of relative importance, these are Aedes 
vexans (Meigen, 1830), Culex tarsalis Coquillett, 1896, Culex restuans Theobald, 1901, 
Aedes (Ochlerotatus) dorsalis (Meigen, 1830), Culiseta inornata (Williston, 1893), and 
Coquillettidia perturbans (Walker, 1856). Physical descriptions of these species are 
omitted here for brevity, but can be found in a number of keys (Carpenter and LaCasse 
1955; Wood et al. 1979; Darsie and Ward 2005; Becker 2010). 
Aedes vexans 
 
Aedes vexans is often referred to as the “inland floodwater mosquito” and is a 
cosmopolitan species which has been collected on every continent except South America 
and Antarctica (Weissman 2016). It the most abundant floodwater mosquito in the 
Northern Hemisphere (O’Malley 1990) and often considered the most significant pest of 
humans and livestock in Canada (Russo 1977; Wood et al. 1979). They dramatically 
outnumber all other mosquito species in the Winnipeg area during the summer, with trap 
collections often consisting of over 90% adult Ae. vexans (City of Winnipeg 2015, 
unpublished data 2007-2015).  
Aedes vexans are long-lived compared to other species, with an average lifespan of 
three to six weeks (Horsfall et al. 1973), though some longevity studies have recaptured 
marked individuals up to 16 weeks after release (James and Harwood 1965). They lay their 
eggs in moist soils which are prone to inundation, and overwinter in the egg stage 
(O’Malley 1990), though there is inconclusive evidence that they may lay eggs directly on 
water, perhaps when suitable sites are unavailable (Headlee 1945). The mechanisms which 
allow female Aedes mosquitoes to locate appropriate oviposition sites are not fully 
understood, though it has been suggested that chemical attractants may be involved. Becker 
(2010) speculated that females may be driven to suitable areas by pheromone-like odours 
given off by either eggs already laid in the soil, or by plants associated with a specific level 
of moisture in the soil.   
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Female Ae. vexans feed primarily on mammals but will also incidentally feed on 
birds (Shemanchuk 1969; Horsfall et al. 1973). Having notable long-range flight 
capabilities, Ae. vexans have been observed to disperse more than 8 km from their site of 
emergence  (Rees 1943; Headlee 1945; Carpenter and LaCasse 1955; Brust 1980). Flight 
mill studies, confirmed by field data, have shown their dispersal capabilities maximized at 
10 km to 17 km per night (Briegel et al. 2001), with Horsfall (1954) speculating that wind-
assisted flight may allow them to travel several hundred kilometers over only a few days. 
A metadata analysis of flight capacity across multiple species ranked Ae. vexans as a strong 
flyer, with an average maximum flight distance of over 5 km, independent of landscape 
type (Verdonschot and Besse-Lototskaya 2014).  
Culex tarsalis 
Culex tarsalis is commonly named the “Western Encephalitis mosquito” and can 
comprise 1.5 % to 3% of mid-summer trap collections at their peak in Winnipeg (City of 
Winnipeg 2006; City of Winnipeg 2015). Though resting places vary between regions, 
adults overwinter in moist, protected places such as caves, storm drains, burrows and piles 
of organic debris or rock (Price et al. 1960; Shemanchuk 1965; Su et al. 2003). Their larvae 
occupy a variety of natural habitats as well as artificial water-filled containers (Wood et al. 
1979), and are associated with irrigated farm and ranch lands (Moore et al. 1993).  
Culex tarsalis show host preference to birds, but may bite humans and other 
mammals incidentally (Carpenter and LaCasse 1955), though they are rarely abundant in 
residential areas as observed by studies in California (Reisen, Meyer, et al. 1990; Reisen, 
Pfuntner, et al. 1990). Their flight range has been demonstrated to be between 0.8 to 4 km 
from their breeding site (Reeves et al. 1948), though they have been found to travel more 
than 25 km with the prevailing winds (Bailey et al. 1965; Rowley 2015). They are 
designated as strong fliers, with average maximum dispersal distance exceeding 13 km, 
and an average flight distance of 545 m (Verdonschot and Besse-Lototskaya 2014).  
Culex restuans 
Culex restuans is sometimes known as the “white-dotted mosquito” and constitutes 
an average of 1.5% of adults in ICB trap collections (unpublished data, 2007-2015), with 
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the highest counts (up to 10%) appearing in late spring. As larvae, they occupy various 
habitats, including containers, ditches, and stream pools, and are known to prefer cooler, 
more shaded habitats compared to Cx. tarsalis. For oviposition, nutrient-rich water is 
preferred over clean water or water already hosting larvae of other mosquito species 
(Walter Reed Biosystematics Unit 2020). 
Culex restuans prefer avian hosts and are not considered pests of humans though 
they may incidentally feed on mammals (Moore et al. 1993).  Flight range for this species 
has not been well-documented but has been reported to be approximately 2 km from their 
breeding site (Turell et al. 2005), with one study reporting flights of over 5 km over open 
water (Horsfall 1955).  
Culiseta inornata 
Culiseta inornata is commonly referred to as the “winter marsh mosquito”, and is 
the dominant mosquito species in the late spring in Winnipeg, representing 60 to 80% of 
the trapped population in May, but are outnumbered by other species later in the summer 
(City of Winnipeg 2006; City of Winnipeg 2015).  Various natural habitats support their 
larvae, including artificial containers such as used tires (Dyar 1922; McMahon et al. 2008).  
Females of Cs. inornata prefer specific mammalian livestock hosts, such as horses 
and cows (Carpenter and LaCasse 1955), and seldom feed on human, swine or avian hosts 
(Anderson and Gallaway 1987). Their flight range is not well-studied, but they have been 
observed to travel in excess of 2 km from their breeding site (Hudson and Edman 1978). 
Other observations vary; some have claimed that their flight range is “less than 5 miles (8 
km)” (Napa County Mosquito Abatement District, n.d.), whereas Clarke (1943) recovered 
an individual over 22 km away. 
Coquillettidia perturbans 
Coquillettidia perturbans, often called the “cattail mosquito” or “irritating 
mosquito”, appear in Winnipeg from late June to late July in modest numbers, comprising 
approximately 1% of all trap collections (City of Winnipeg 2006; City of Winnipeg 2015). 
Their larvae require habitats with abundant emergent vegetation, most commonly cattails 
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(Typha L. spp.) and sedges (Carex L. spp.), from which they draw oxygen with their hook-
like siphons (Carpenter and LaCasse 1955; Moore et al. 1993).  
Females of Cq. perturbans primarily feed on mammals, but may opportunistically 
feed on bird species (Tempelis et al. 1967; Edman 1971; Magnarelli 1977; Molaei et al. 
2008). Their dispersal capabilities are not well-studied, but they have been observed to be 
strong fliers, capable of flying many kilometres from their breeding site (Horsfall 1955), 
and are known to be phototropic (Morris et al. 1991). One observation cited Cq. perturbans 
demonstrating an average maximum distance of 3.4 km, with an average flight distance of 
1.7 km (Verdonschot and Besse-Lototskaya 2014). 
Aedes dorsalis 
Aedes dorsalis is a floodwater mosquito species and comprises 1-2% of trap 
collections on average in Winnipeg (unpublished data, 2007-2015). They require flooding 
to hatch, similar to Ae. vexans (Carpenter and LaCasse 1955; Moore et al. 1993). In 
Manitoba, their larvae are most frequently found in temporary pools near areas with large 
mammals, their preferred hosts (Dixon and Brust 1972; Loftin et al. 1997). Roadside 
ditches and freshwater marshes are also common larval habitats, particularly grassy, sunlit 
areas (Carpenter and LaCasse 1955). 
They are known to be strong fliers, and have been found several dozen kilometers 
from their breeding sites (Rees and Nielsen 1947). Verdonschot and Besse-Lototskaya 
(2014) cited several observations where the average maximum flight distance of females 
was 6.9 km.  
2.3 – Mark-release-recapture (MRR) experiments 
The development of a knowledge base from which to understand the dispersal 
capabilities and other bionomic characteristics of pertinent mosquito species is valuable 
for the optimization of abatement strategies. Mark-release-recapture (MRR) studies are 
commonly designed to estimate certain parameters necessary for addressing pathogen 
transmission risk within a given locality, such as dispersal range, population size, survival 
rates, blood feeding frequency and host preferences (Guerra et al. 2014a). However, they 
may also be used to study gonotrophic cycle duration, as well as feeding, mating or flight 
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behaviours (Service 1993). Hundreds of MRR experiments have been performed since the 
1950s, contributing data on these bionomic parameters for various vector and pest species 
across a range of ecological settings (Guerra et al. 2014a). Exact procedures vary widely, 
but MRR experiments involve marking all individuals of a test population, releasing them 
unharmed back into their environment, and later recapturing them in traps surrounding 
their release site(s). The recaptured individuals are then inspected for the presence of the 
marking agent to differentiate them from the unmarked captures (Morris et al. 1991).  
Strategies for mosquito control programs can benefit from MRR studies, as they 
can infer the patterns of movement for specific species and inform mosquito control 
programs as to where future intervention efforts would be most efficient and cost-effective 
(Morris et al. 1991; Russell et al. 2005). Development of these strategies frequently 
includes discussions regarding the size and treatment of buffer zones surrounding urban 
management areas (Verdonschot and Besse-Lototskaya 2014; Webb and Russell 2019). 
However, it is difficult to obtain evidence that mosquitoes produced outside of urban areas 
(ideally included within buffer zones) can present an exposure risk to those living within 
urban areas (Morris et al. 1991). This is especially true with mosquitoes that exhibit long-
range dispersal capabilities, such as Ae. vexans (Horsfall 1954; Brust 1980).  
The best ethical and operational practices (given research goals) must be considered 
when devising methods for sourcing, marking and recapturing mosquitoes from test 
populations for MRR experiments. Logistical challenges arise when studying the 
movement patterns of a small insect whose presence is spatially and temporally variable 
over a relatively large area. However, there are also two distinct ethical hazards associated 
with experimental releases of mosquitoes in or near urban environments. First, the 
possibility of an increase in the mosquito population which increases risk of exposure to 
biting mosquitoes in the local population and livestock; and second, the possibility that the 
experimental population will reproduce with the local wild population, which may affect 
its behaviour or resistance to control interventions (Benedict et al. 2018).  Fears over an 
increased risk of exposure to biting mosquitoes following an experimental release can be 
alleviated by the intensive effort to capture adults following release. As demonstrated by 
Benedict et al. (2018), in over two-thirds of MRR experiments reviewed, the volume of 
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unmarked mosquitoes captured was greater than the number released, resulting in a net 
population and risk reduction. Ecological concerns regarding the source of mosquitoes, as 
well as considerations related to the other components of MRR procedures will be 
discussed in the following sections. 
Mosquito sourcing 
The outcome of an MRR experiment may be influenced by the source and condition 
of released marked mosquitoes. Experimental mosquito releases may use field-collected 
individuals (either adults or larvae) or a laboratory-sourced cohort. Field-collected 
individuals were used in most (76%) of the 774 experiments published between 1913 and 
2010 that were reported in the mosquito MRR database compiled by Guerra et al. (2014). 
Using lab-sourced mosquitoes may be convenient when a release requires many same-aged 
individuals. However, researchers assume that by using local field-collected individuals, 
they minimize concerns surrounding the genetic differences in lab-sourced individuals 
which can affect their behaviour (Reisen et al. 1985). Additionally, lab-sourced mosquitoes 
which are genetically distinct from the wild population carry a risk of modifying the genetic 
makeup of the local population if they should produce hybrid offspring with them.  
Many non-genetic characteristics of field-collected individuals also carry the risk 
of affecting research outcomes, including age, sex ratio, feeding status, collection location, 
and larval environment. The age of field-collected individuals, especially of adults, may be 
unknown, which can affect recapture rates and dispersal behaviour. Field-collected adults 
may also consist of more females due to their longevity over males, and due to biased sex 
ratios generally seen in trap collections (Benedict et al. 2018), though this is sometimes 
desirable depending on the research question(s). The feeding status of field-caught females 
is also of concern, as blood-fed females seeking to oviposit may disperse differently than 
host-seeking females. Similarly, the stage of field-caught individuals can also affect 
research outcomes; in comparison to individuals which had been reared from field-
collected larvae, adult females of Cx. tarsalis that were collected by CO2-baited traps were 
more easily recaptured by CO2-baited traps (Reisen and Lothrop 1995; Reisen et al. 2003). 
However, these findings contrast with earlier studies, in which comparatively lower 
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recapture rates were not observed for mosquitoes reared from field-collected larvae 
(Nelson et al. 1978; Nelson and Milby 1980; Reisen et al. 1981; Reisen et al. 1992). 
 To avoid confounding factors associated with using field-collected adults for MRR 
experiments, it is preferable to collect local larval populations and rear these in the 
laboratory or field. Even so, it has been suggested there may be effects on survival and 
dispersal behaviour brought on by different rearing environments (Benedict et al. 2018). 
Furthermore, field-collected larvae may represent a range of instars, which may emerge at 
different times and require several marking and release events. Decisions made with 
respect to the source of mosquitoes used in MRR experiments should be aligned with the 
research question of the investigation. 
Marking procedure 
Marking of adult mosquitoes is commonly carried out with fluorescent pigments, 
typically powders (Brust 1980; Costantini et al. 1996; Bogojević et al. 2011; Ageep et al. 
2014; Webb and Russell 2019) or dyes (Wada et al. 1969; LaBrecque et al. 1975), but is 
also accomplished with more resource and labour-intensive means, such as isotope labeling 
(Jenkins and Hassett 1951; Hamer et al. 2014; Faiman et al. 2019) and individual hand-
marking with paints (Macdonald et al. 1968; Conway et al. 1974; Harrington et al. 2005; 
Tsuda and Kamezaki 2014). The latter two methods are most often used when adults cannot 
be marked (when marking larvae) or if multiple distinct markings are needed, respectively. 
Marking with powdered fluorescent pigments is the most common method for MRR 
studies (Guerra et al. 2014a), preferred for its relative environmental safety, cost-
effectiveness, easy application (Hagler and Jackson 2001) and detection under ultraviolet 
(UV) light, visible for at least 30 days following release (Brust 1980; Rojas-Araya et al. 
2019). It is usually applied to large numbers of adults in a confined space where the powder 
is scattered into the air, where adults can fly through it to be marked.  
 Uncertainties about the use of fluorescent powder or “dust” in insect MRR studies 
primarily rest on the possibility of a) altering the behaviour or survivorship of marked 
individuals, and b) transfers from marked to unmarked individuals during mating or other 
contact following release. Many studies investigate the effects of marking insects with the 
use of dusts, but primarily measure the survivorship of marked specimens compared with 
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those unmarked (Naranjo 1990; Corbett and Rosenheim 1996; Rhodes et al. 1998; Coviella 
et al. 2006; Clymans et al. 2020). Many of these studies report no adverse effects on the 
survival of marked insects. While some adverse effects on long-term survivorship may be 
found, these are likely not significant on the scale of MRR studies assessing dispersal, as 
most marked individuals are recaptured before their natural death (Poland et al. 2000). 
However, survivorship is only one of many factors that may affect dispersal behaviour. 
Concerns have also been raised about the desiccating effect or other unknown stressors 
associated with marking insects with fluorescent dusts, which could alter their dispersal 
behaviour (Reid and Reid 2008).  
For example, over-application has been found to cause high mortality, decreased 
mobility and sensory organ interference in flies and beetles (Crumpacker 1974; Cook and 
Hain 1992). While some insects have been reported to experience adverse effects to their 
survival or behaviour as a result of marking with fluorescent dusts (Moffitt and Albano 
1972; Dye et al. 1991; de Guzman et al. 2012), this has seldom been observed in 
mosquitoes. Many field studies found no significant difference between the survivorship 
of unmarked control mosquitoes and that of marked specimens, or between the observed 
survival rate of marked specimens compared to other findings  (Reisen et al. 1980; 
Kempala 1981; Chiang et al. 1991; Takken et al. 1998; Watson et al. 2000; Johnson et al. 
2012; Liu et al. 2012; Marini et al. 2019).  
Only one study of the effects of dust application on adult mosquitoes found that the 
survival rate of marked mosquitoes was dependent on the method and colour of the dust 
application, as well as the sex of the individual (Dickens and Brant 2014). However, this 
study was not carried out under field conditions and its applicability to dispersal studies 
may be limited. Additionally, these findings stand in contrast to others: In a field-based  
MRR study in West Africa, investigators found no effect on survival attributed to dust 
colour (Epopa et al. 2017). Another study on the effects of 7 types of fluorescent powders 
by 4 different manufacturers on female Ae. aegypti survival found no significant 
differences in survival among unmarked and marked females (Rojas-Araya et al. 2019). 
This study did find that marked females were less likely to be captured by traps than 
unmarked mosquitoes, except for females who were marked with DayGlo formaldehyde-
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free powder from the ECO series. Verhulst et al. (2013) found no effect of marking by 
fluorescent powder on the survival of An. gambiae that were treated fewer than 3 days 
following emergence, though survival was significantly reduced in cohorts treated more 
than 5 days after emergence. A later study found that fluorescent powders had no effect on 
females across different age cohorts, which included females up to 13 days after emergence 
(Rojas-Araya et al. 2020). These authors also reported that marking dust had low impact 
on blood-feeding behaviour and tethered flight speed. The remainder of the literature 
largely suggests that fluorescent dust application is a benign marking procedure that has 
little effect specifically on mosquito survival or behaviour if applied appropriately (Reisen 
et al. 1979; Curtis and Rawlings 1980; Nelson and Milby 1980; Beier et al. 1982; Muir and 
Kay 1998; Hagler and Jackson 2001; Ageep et al. 2014; Guerra et al. 2014a). 
Dust application effects on sensory organ functioning are not well-studied in 
mosquitoes.  One study by Verhulst et al. (2013) supports the use of fluorescent dusts in 
mosquito MRR studies, finding that their host-seeking response to human or cow odour 
was not affected by its application.  
Few studies have investigated or remarked on the frequency of transfer of marking 
dusts to other mosquitoes or surroundings. Meek et al. (1988) observed no pigment transfer 
when marked adult mosquitoes when confined in cages with unmarked adults, nor when 
the former were mated with the latter. Subsequent studies (Fryer and Meek 1989) found 
that between 0.1 and 3% of unmarked adults became marked after 24 hours of confinement 
with heavily dusted adults. However, these authors also found that mosquitoes sheltering 
within vegetation where dust had been applied could be marked by pigment transfer up to 
4 days after dust application. A study by Nelson et al. (1978) observed some recaptured 
Cx. tarsalis females showed dust markings only on their external genitalia, suggesting the 
possibility of dust transfer during mating. However, a study by Rojas-Araya et al. (2019) 
found that recaptured mosquitoes never had only a single marking on the body, but had 
many. They also never found specimens marked with two different coloured dusts, 
suggesting that no transfer occurred between individuals in a semi-field environment. No 
other MRR studies on mosquitoes expressed suspicions about dust transfer, and it appears 




While logistically challenging to optimize, the number of release sites, as well as 
the timing of release events may influence the recapture rates and dispersal capacity of 
marked mosquitoes. The use of both single release sites (70%) and single release events 
(70%) are most commonly reported across past mosquito MRR experiments in comparison 
to multiple sites (30%) or events (24%) (Guerra et al. 2014). Release of marked mosquitoes 
from multiple sites or in multiple events is advantageous in accounting for the effects of 
wind direction and other climatic factors such as precipitation. However, these approaches 
to MRR require a significantly greater amount of labour and resources, and are logistically 
difficult to perform, especially on a larger geographic scale.  
Past mark-release-recapture experiments and other observations suggest that the 
first 1 to 4 days after emergence are the most important for active dispersal behaviour  
(Nayar 1985; Watson et al. 2000), likely because survivorship declines quickly after this 
period (Y. Li et al. 2014). The time of day in which marked mosquitoes are released has 
not been shown to affect their recapture rate or mean dispersal distance (Reisen et al. 2003). 
Mosquitoes have been observed to fly upwind when air currents are less than the flight 
speed of mosquitoes (Snow 1976). This speed is often reported as approximately 1 m/s, 
but the flight capabilities reported vary by species (Bailey et al. 1965; Bidlingmayer and 
Evans 1987). In Cx. tarsalis, some observations found them to fly primarily with the wind 
at velocities above 2.7 m/s (Bailey et al. 1965).  
If active dispersal capabilities are the focus of the MRR experiment, it is generally 
wise to release individuals in conditions where the wind speed is greater than 1 m/s, 
otherwise upwind flying is less likely to be successful (Bidlingmayer and Evans 1987). 
Findings by Lacroix et al. (2009) found that the majority (73%) of mosquitoes in their 
mark-release-recapture experiments (all Aedes albopictus (Stegomyia albopicta) (Skuse 
1894)) were recaptured upwind in low wind velocity conditions. They suggested that the 
odor plumes of potential hosts had attracted them, which Russell et al. (2005) have also 
suggested to explain upwind movement of Ae. aegypti in their studies. Others have 
cautioned that wind of any velocity will result in fewer trap catches, with earlier findings 
that only extremely low wind speeds of less than 0.2 m/s had no effect on catch rates 
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(Bidlingmayer et al. 1985; Bidlingmayer et al. 1995). In a study where mosquitoes were 
released within an orchard, wind speeds averaging between 7 and 11 m/s prevented 
mosquitoes from dispersing from the orchard. It was noted that most females only 
dispersed outside the orchard when wind speeds fell below 4.5 m/s, and even so, were seen 
in greater numbers at leeward traps (Reisen et al. 2003).  
Recapture procedure 
Guerra et al. (2014) noted that recapture techniques vary across the literature, with 
aspiration (~30%), human or animal bait (~30%) and CO2 light traps (~20%) representing 
most methods used, while only 5% of studies used basic light traps. Others have pointed 
out the limitations of biased methods of mosquito collection, such as light traps baited with 
CO2, which reflect only the distribution of blood-seeking mosquitoes (Chuang et al. 2011). 
Baited traps may also underestimate mosquito activity at host-rich sites, as the presence of 
hosts has been shown to override the attraction of CO2-baited traps in Cx. tarsalis 
(Thiemann et al. 2011). Burkett-Cadena et al. (2013) recommended the use of non-
attractive capture methods such as aspirating mosquitoes from resting shelters, as to not 
disrupt the natural distribution by attracting mosquitoes from elsewhere. While 
inexpensive, the labour required to aspirate specimens renders it an unfeasible method for 
experiments measuring dispersal over a large range. In this circumstance, non-baited light 
traps offer a compromise between convenience and effectiveness.  
While rare in MRR studies, the New Jersey light trap (NJLT, see Ch. 3.2.2) is the 
standard method of collection used by most mosquito control programs (including the City 
of Winnipeg Insect Control Branch) to measure mosquito activity and species presence 
(Reinert 1989). Operation of NJLTs allows for the same recapture effort to be applied from 
one trap night as that from one human aspirator for a 15-min period (Mulhern 1934).While 
each NJLT unit is priced at ~400 dollars US (BioQuip Products 2019), those conducting 
MRR experiments may offset this cost by collaborating with local mosquito control 
authorities who often use them as well.  
 However, not all species can be reliably collected by light traps, given that not all 
species are phototropic or active at night, when the contrast of the trap light to its 
surroundings are greatest (Reinert 1989). Light traps vary in their ability to attract and 
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collect many of the species found in Manitoba (Wood et al. 1979). According to Reinert 
(1989), species not reliably collected by lights traps are Aedes (Ochlerotatus) canadensis 
(Theobald, 1901), Aedes (Ochlerotatus) stimulans (Walker, 1948), Aedes (Ochlerotatus) 
triseriatus (Say, 1823), Aedes (Ochlerotatus) excrucians (Walker, 1856), Cx. restuans, 
Culex territans Walker, 1856, Anopheles punctipennis (Say, 1823) and Culiseta melanura 
(Coquillett, 1902). Trap counts in NJLTs have also been found to be relatively lower in 
urban areas where there are competing light sources (Milby and Reeves 1989). For these 
reasons, many mosquito control agencies have incorporated other sampling methods into 
their surveillance programs, such as CO2 baited traps (Reisen et al. 2002). Additionally, as 
light disrupts normal insect behaviour, light traps could be said to create a more artificial 
situation than traps with host-like attractants (Silver 2008: 847). Nevertheless, most species 
are visually attracted to conspicuous objects and orientate toward traps from a distance of 
15 to 20 m, such that these traps may still attract these species during the day (Bidlingmayer 
and Hem 1980). Despite varying levels of attractiveness, NJLTs are still one of the most 
effective and economical methods to monitor the populations of adult mosquitoes.  
Previous mosquito MRR studies have indicated that most marked individuals are 
recaptured in the 3 to 4 days following release (Reisen et al. 1992; Reisen and Lothrop 
1995). The duration of recapture effort is at the discretion of the investigators and resources 
available, though longer recapture periods are advisable if survivorship or maximum 
dispersal distance is of interest. 
The placement of individual traps has also been shown to significantly affect trap 
collections and the outcomes of MRR experiments. Sources of variation may stem from 
only a few meters of difference in trap placement, such as a trap’s proximity to larval 
habitat, resting areas, livestock animals or artificial light sources, as well as its degree of 
wind exposure (Barr et al. 1963). In the case of NJLTs, their use is limited to areas with 
access to electricity and space for installation. Variation in light trap collections can also 
be influenced by the intensity of moonlight (Barr et al. 1960), as well as nightly temperature 




As a final remark on considerations for recapture, the spatial configuration of traps 
used must be appropriate for the research questions being addressed. Underestimates of 
dispersal may arise if the study area is too small to capture the full dispersal range of the 
mosquitoes studied. More traps deployed near the release site may result in more 
recaptures, but may compromise dispersal distance (Guerra et al. 2014a). A checklist of 
essential information for MRR experiments also recommends that the positioning of traps 
relative to the release sites be considered. However, not enough information regarding the 
influence of symmetrical, asymmetrical or circular arrangements of traps is currently 
available to draw reliable conclusions (Guerra et al. 2014a). 
Past work  
It is inadvisable to extrapolate the results of a single MRR study conducted in one 
location to inform control program activities in another as different populations of the same 
species may exhibit different dispersal patterns depending on the surrounding environment 
(Benedict et al. 2018). For this reason, only MRR studies that concern themselves with 
species of interest (see 2.2) or take place in regions with comparable climate and 
topography as the study region in Manitoba, Canada will be reviewed here.  
Vectors mosquito species which are more common in MRR studies, such as Ae. 
aegypti and a species of interest, Cx. tarsalis, report average female recapture rates of 16% 
and 5.1%, respectively (Guerra et al. 2014b). Of 113 MRR experiments across 15 studies 
dealing with Cx. tarsalis, all were carried out in California between 1961 and 2002 (Guerra 
et al. 2014b). Of these studies, most did not seek to measure dispersal distance and so did 
not report it. A review of 10 observations of Cx. tarsalis dispersal calculated an average 
maximum flight distance of 13.7 km (Verdonschot and Besse-Lototskaya 2014). 
 There is comparatively less data from MRR studies for the other species of interest 
in this study. Only 5 MRR studies which address Ae. vexans were found, and the average 
recapture rates in these experiments were relatively low at 0.41% (Table 1). Two other 
studies on the dispersal behaviour of Ae. vexans did not yield quantitative information 
(Clarke 1937; Clarke and Wray 1967). In their meta-analysis, Guerra et al. (2014b) found 
only 3 experiments across 2 mosquito MRR studies which released Ae. dorsalis and these 
reported an average female recapture rate of 0.56%. Two studies on Ae. dorsalis yielded 
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an average maximum distance of nearly 7 km (Verdonschot and Besse-Lototskaya 2014). 
This is perhaps due to the large area required to measure the dispersal of mosquitoes 
classified as strong fliers, such that there is lower trap density at greater distances from the 
release site(s), making recaptures rarer. These studies are most limited by their recapture 
rates, which creates problems when drawing conclusions from statistical analysis. Hocking 
(1953) acknowledged the difficulty of measuring dispersal with data from MRR studies, 
as “good results” are easier to obtain using insects with limited flight ranges and landscapes 
where the terrain is not difficult to traverse. No MRR studies observing the dispersal of Cx. 
restuans, Cs. inornata or Cq. perturbans were found in a literature search. 
Table 1. Review of mark-release-recapture studies of Aedes vexans. As certain values are 
not reported in these studies, where possible, they have been inferred from data or figures 








Mean flight  
distance (km) 
F ♀  M ♂  F ♀  M ♂ 
Ba et al. 2005 85,500 0.18 0.62 N/A 0.35 
Bogojević et al. 2011 50,000 a 0.04 7.7 4.3 
Brust 1980 (1976 cohort) 1,000,000b 0.007 11.0 N/A 
Brust 1980 (1977 cohort) 1,000,000b 0.02 8.0 2.0 N/A 
Jensen and Washino 1994 3, 231 2.0 N/A 0.11 N/A 
Stage et al. 1937 > 100,000b < 0.21 8.0 3.2 
a Includes counts from Aedes (Ochlerotatus) sticticus and Aedes (Ochlerotatus) caspius  
b Includes counts from Aedes (Ochlerotatus) sticticus (formerly Aedes aldrichi) 
The number of published MRR studies conducted in Canada is limited to only two 
experiments in Manitoba by Brust (1980). The study investigated the dispersal behaviour 
of Aedes (Ochlerotatus) sticticus (Meigen, 1838) and Ae. vexans from agricultural 
floodplains outside the city of Winnipeg. A total of over 2.25 million mosquitoes were 
released during experiments in 1976 and 1977, in which mosquitoes were reared from 
field-collected larvae in screened enclosures, dusted with DayGlo fluorescent powder and 
recaptured in NJLTs. The study also collected adults by sweep netting within 100 m of the 
release to determine if marked adults had a ‘refractory period’ in which they remained at 
the release site. Brust (1980) demonstrated that many adults remained at the release site for 
a few days following release, especially if temperatures were lower. Aedes vexans travelled 
primarily with the wind and flew to the furthest trap (8 km) within 3 to 5 nights after 
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release, with some adults travelling 3 km in their first night. However, he noted that 
prevailing winds in Winnipeg during June and July originate from the south, and that the 
influence of the lit urban horizon could not be separated from that of the wind, though there 
is no evidence to suggest that the lit horizon influences dispersal. Mean nightly 
temperatures were correlated with the total number of mosquitoes collected in traps. Most 
traps were located on farms or rural residential locations, some of which hosted livestock, 
a factor which may have attracted the high percentage of female mosquitoes trapped at 
these traps.  
Concerning factors that affect dispersal in MRR experiments, Verdonschot and Besse-
Lototskaya (2014) noted that in most studies, the environmental conditions under which 
the experiments were performed were not adequately reported and their potential 
influence on dispersal behaviour was not discussed. However, there are data suggesting 
that landscape features, such as surface water, and vegetation height and density may act 
as corridors wherein mosquitoes can orient with the silhouette of continuous vegetation 
such as trees (Bidlingmayer 1975; Bidlingmayer and Hem 1981; Schäfer et al. 1997), 
especially if these are near a body of water where the moisture profile is relatively high. 
Presence of standing water near these areas suggests available breeding sites, which may 
further affect dispersal patterns (Reiter et al. 1995). Additionally, shaded or wind-
protected areas offer an attractive habitat for most mosquitoes when compared with open 
areas for their protection against heat and desiccation (Schäfer et al. 2004). Mosquitoes 
may take advantage of the presence of potential blood meal hosts (e.g., birds, mammals, 
etc.), which also frequent these areas (Cederlund and Okarma 1988; Tufto et al. 1996).  
Also important to note is the importance of mean nightly temperatures, asserting 
that dispersal flights are unlikely to occur at nightly temperatures lower than 15C under 
Manitoba conditions (Brust 1980). Other meteorological factors may also affect the 
success of dispersal but are likely contingent on many other ecological variables, 
including landscape features and mosquito species. 
Data analysis 
Typically, numbers of mosquito recaptures decrease with increasing distance from 
the release site. While this is usually attributed to the extent of typical distances flown 
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mosquitoes, it is also influenced by the decrease in sampling effort per unit area as the size 
of the trapping area increases outwards radially (Silver 2008). A meta-analysis by Guerra 
et al. (2014a) noted that very few studies compensated for the decrease in recapture success 
by reduction in sampling effort as a function of distance from the release point. This may 
be compensated for by assigning each trap to an “annulus”, or circular area around the 
release site which excludes smaller annuli. The area of a circular trapping annulus (A) is 
denoted as A = (R2 – r2), where R is the distance from the outer edge of the annulus, and 
where r is the distance from the inner edge of the annulus. For example, suppose that the 
1st annulus in a trapping area has an outer edge that is 1 km radius from the release site, 
and that the outer edge of all subsequent annuli is 1 km further than the previous. This 1st 
annulus will cover a smaller area than a trap in the second annulus (3.14 and 9.42 km2, 
respectively). This means that if there are 4 traps in this first annulus, 12 traps would be 
required within the second annulus to match the sampling effort of the first (1.27 traps per 
km2). If there are more than 6 annuli, at least 144 traps would be required in total.  
This creates logistical problems for MRR studies where the species of interest may 
disperse over great distances. Therefore, fewer traps are used at outer annuli and a 
correction factor (CF) to compensate for the disparity in sampling effort for each annulus 
is calculated and applied (Lillie et al. 1981; Brenner et al. 1984; Lillie et al. 1985; Morris 
et al. 1991). The number of marked mosquitoes present in each trap is then divided by 
number of traps in the same annulus. These values are then multiplied by their correction 
factor to derive the estimated number of specimens which would have been recaptured if 
sampling effort in each annulus was equal the annulus with the greatest sampling effort 
(see 3.2.5). Any distance can be used as for spacing, so long as there is at least one recapture 
site in each annulus (Morris et al. 1991). However, the assumptions made by this rule are 
not well-understood or discussed in the literature. 
In analyses of mark-release-recapture data of mosquitoes, dispersal is typically 
measured by mean distance travelled (MDT) and can be calculated with compensation for 
unequal trap densities at greater distances (See 3.2.5 and Morris et al. 1991). Otherwise, if 
the mean distance travelled is calculated using the raw observations from recaptured 
mosquitoes, then the average dispersal distance will be underestimated due to the 
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overrepresentation of traps nearer to the release site. Even with the corrected data, 
Bogojević et al. (2011) noted that researchers should be prudent in using MDT values to 
inform policy decisions such as buffer zone width, because MDT likely still underestimates 
these values by assuming a linear flight distance from release to recapture, whereas in 
reality mosquitoes may follow more indirect routes. Additionally, dispersal in insects is 
often leptokurtic, such that observations are clustered around a true mean which is very 
sensitive to a few insects dispersing much further than most. Therefore, it is important to 
distinguish between mean (MDT), median and maximum flight range when reporting 
results (Benedict et al. 2018). Verdonschot and Besse-Lototskaya's (2014) meta-analysis 
of mosquito dispersal studies reported no clear relationship between maximum and average 
flight distance. However, this meta-analysis was not species-specific, nor centred on MRR 
experiments. The authors asserted that flight mill and transect data show large differences 
when compared with dispersal data obtained from MRR experiments.  
While maximum flight range must be reported using raw observations, the median 
can be calculated using a regression equation of the cumulative number of recaptures 
against log-transformed distance. Solving for y at the point where the cumulative 
proportion of recaptures is 50% gives a flight range for half of the recaptured mosquitoes, 
which is mathematically the median flight distance (Morris et al. 1991). Other useful 
parameters can be obtained from this method as well, such as the flight range for 90% or 
any other proportion of the adult population, which may be more reliable than a maximum 
flight range based on only a few individuals. Other ways of representing dispersal data 
include using the development of models, typically made with the inclusion of random 
effects such as marking method, time elapsed prior to recapture, recapture location 
(Medeiros et al. 2017), and mosquito condition (Juarez et al. 2020). For example, the 
probability of detecting a marked mosquito at a given distance has been iterated with 
different models in recent publications, though this research is largely nascent (Hamer et 
al. 2014; Medeiros et al. 2017; Juarez et al. 2020). 
2.4 – Spatial analysis in the context of mosquito control 
Mosquito-borne diseases (MBD) were recognized as a threat with a spatial 
component long before mosquitoes were identified as their vector; prior to the discovery 
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of its mechanism, many attributed the transmission of malaria (Italian for “bad air”) to 
“noxious emanations of swamps” (Reiter 2000; Hempelmann and Krafts 2013). Since then, 
recognition of the geographic limitation of many disease outbreaks, coupled with principles 
of landscape ecology have led to the emergence of the field of “spatial epidemiology”. The 
primary maxim of landscape ecology asserts that the spatial heterogeneity of populations 
arises from their interactions with physical and/or biological structures across the landscape 
that surrounds them (Ostfeld et al. 2005). More specifically, landscape ecologists are 
interested in the influence of the composition and configuration (position) of landscape 
features on the distribution of organisms across a landscape. The distribution pattern that 
arises from these influences is statistically known as “dispersion”, not to be confused with 
dispersal, which is the distribution change that results from movement (Reisen 2010).  The 
framework of landscape ecology is medicalized by spatial epidemiologists – or “landscape 
epidemiologists” (Reisen 2010) – who use information on human demographics and 
behaviour alongside physical factors in the environment to explain the spatial patterning of 
infections.  
Within studies of MBD epidemiology, a wide variety of spatial data on multiple 
scales are employed to predict the risk of transmission and outbreak. Often selected as 
spatial variables are different measures of land cover, land use, climate, soil type, elevation, 
density of human (or other host) population, and the quantity and type of vegetation (Kitron 
1998). These characteristics describe the potential habitats of either the hosts, or the 
mosquitoes, who prefer specific environments to breed, rest and nectar-feed. The objective 
in extracting these variables is to quantify their relationships to the pathogen (or its vector) 
in the context of the larger landscape. The goal is to delimit those relationships on maps 
that can give a visual estimate of the spatial variance in risk of outbreak within their 
borders. Risk maps are valuable components of surveillance systems as they can practically 
inform authorities tasked with managing the risk of transmission (Kitron 2000). This 
approach is also useful to authorities where mosquito control is done predominantly for 
aesthetic purposes, as the distribution of mosquitoes across a heterogenous landscape such 
as a city can also be inferred this way. Map projections of the distribution of adult 
mosquitoes based on spatial relationships allow for more efficient allocation of resources 
by the targeting of areas that would benefit most from control efforts.  
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However, the task of defining the landscape and delimiting its features on maps, 
involving lengthy (or exhaustive) ground surveys of the study area, was excessively 
laborious until only relatively recently. Early approaches to investigating the effects of 
landscape structure on the distribution of a population typically used aggregated measures, 
based on the frequency that a geographic feature was encountered within a plot or sampling 
unit (Beier et al. 1982). This approach not only limited the scale at which patterns can be 
detected, but it also neglected to account for the underlying spatial correlation between 
observations across geographic space. This issue known as spatial “autocorrelation” or 
“dependency”, is common in ecological phenomena and upholds that geographic features 
that are closer together are more related than those that are further apart (Tobler 1970). It 
is corollary that observations made across a landscape would not be independent of one 
another, violating the assumption of independence present in most parametric statistical 
procedures. For this reason, ecological data should always be investigated for spatial 
autocorrelation, as it may introduce bias, overestimate the significance of a variable’s 
influence and produce false positives in the results (Legendre 1993; Diniz-Filho et al. 2003; 
Ostfeld et al. 2005). 
But at the turn of the 21st century, advances in Geographic Information Systems 
(GIS) and remote sensing (RS) technologies, coupled with the development of spatial 
statistics, provided new means of approaching the analysis of spatial data (Kitron 1998; 
Reisen 2010). The widespread availability of Global Positioning System (GPS) units 
allowed for the exact location of each sampling point to be measured inexpensively 
virtually anywhere on earth. With this, observations could be spatially linked to a specific 
GPS location within a computer-based GIS application. These applications are ever-
increasing in functionality and provide many tools that allow users to manipulate and 
analyze spatial data, and to produce maps to visualize results.  
The usefulness of GIS tools was further magnified with the integration of data from 
instruments aboard an increasing number of earth-orbiting remote sensing (RS) satellites. 
Remote sensing is the monitoring of environmental conditions using sensors that measure 
the energy emitted or reflected from a unit area or “pixel” on the surface of the earth 
(Washino and Wood 1994; Ostfeld et al. 2005).  These measure the intensity of outgoing 
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radiation within subsections (“bands”) of the electromagnetic spectrum, typically in the 
visible or infrared range (Kitron 1998; Reisen 2010), though other frequencies, such as 
microwaves, are sometimes used as well (Chuang, Henebry, et al. 2012). While these bands 
do not directly measure any habitat characteristics, they are sensitive to variations in two 
factors essential to mosquito survival: vegetation and water (Washino and Wood 1994; 
Richards et al. 2006; Reisen 2010).Variations across multiple bands can be integrated to 
extract information about land cover that can be used to identify mosquito habitats. As RS 
satellites orbit the earth continuously and can measure the same surface area at regular 
intervals, they are invaluable tools for monitoring the effects of landscape change over 
time.  
More recently, many have developed statistical procedures that account for spatial 
autocorrelation in the data and used them to determine the number and type of influential 
variables that drive vector population distribution. These often employ regression methods 
to model the relationship between the dependent variable, such as the presence or activity 
level of vectors, and the explanatory variables in the environment (Sallam, Fizer, et al. 
2017; Uusitalo et al. 2019). To represent the results on risk maps, the most important 
predictors are used to model mosquito activity (“risk”) in areas not sampled by traps 
(Kitron 2000; Piedrahita et al. 2020). For epidemiologists and control operations, mosquito 
distribution inferred by these risk-forecasting models are functionally equivalent to maps 
produced by species distribution models that have been developed for conservation 
purposes. These models are correlational rather than mechanistic and are developed based 
upon the supposed ecological niche of the species in focus (Qiao et al. 2015).  
Production of risk maps vary in their methods, but generally follow a three-step 
approach, adapted from Ostfeld et al. (2005). First, explanatory variables are selected and 
extracted within a set of zones around mosquito sample locations. Statistical analysis is 
then performed to find the set of variables that together best predict species distribution, 
while reducing redundancy or collinearity between these predictors. Finally, the variables 
selected from this analysis can be used to forecast the distribution of mosquitoes on the 
landscape based on the information about these variables that is present at each pixel. Risk 
maps produced by this approach can guide mosquito control operators in targeting areas 
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with high mosquito populations. Even the optimal timing of control actions could be 
informed by the projections of sophisticated multi-system models if meteorological data 
were to be included in the model in real-time.  
In the final three sections of this chapter, I will discuss common procedures for 
modeling following the three-step approach described above. This review will be tailored 
to give attention primarily to methods that are consistent with my goal of producing a static 
mosquito activity risk map for the Winnipeg area based on landscape-level variables (see 
Ch. 4).  
Selection and extraction of spatial variables 
Static mosquito risk maps are usually based on of one the following three empirical 
datasets: human disease cases, non-human reservoirs, or known mosquito surveillance 
records (Ostfeld et al. 2005). As the former two are disease-specific and not applicable to 
risk mapping for mosquito control for nuisance abatement, I will narrow our discussion to 
only methods that use the known distribution of mosquitoes themselves (specifically adult 
females) as the responding spatial entity. Most distribution models are based on data on 
mosquito presence or activity, though sampling methods vary widely (Sallam, Fizer, et al. 
2017). While activity data (often referred to as “abundance”) are time-consuming to obtain, 
they are preferable to presence/absence or presence-only data in circumstances where there 
is a relatively high species population density throughout the study areas (no “absence”), 
such as the case with mosquitoes. It also allows for the identification of population hotspots 
and distinction between more densely or sparsely populated habitats, as evidenced by 
varying mosquito counts at different traps. Counts from the same trap are often aggregated 
(Burkett-Cadena et al. 2013) or averaged (Diuk-Wasser et al. 2006; Field et al. 2019) to 
summarize variation in trap collections during the sampling period. 
Before discussing the extraction of variables that best predict this distribution, it is 
important to note that landscape-based modeling is not the only approach to forecasting 
mosquito activity in unsampled areas. Another approach used in pest management, known 
as interpolation, depends only on the assumption of spatial autocorrelation among the trap 
counts (Sciarretta and Trematerra 2014).  Kriging is an interpolation technique sometimes 
used in pest management in which the value of a variable (such as the probability of 
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mosquito presence) at a point in space is predicted by a weighted average of the point 
values nearest to it (Brenner et al. 1998). This technique has been used produce risk maps 
that show potential vector population hotspots separated by areas of incrementally lesser 
habitat density (Ryan et al. 2004; Diarra et al. 2018; Bunn et al. 2019).  
However, the accuracy of kriged maps depends on how well the sample data 
represents the overall spatial heterogeneity within the study area. Interpolation is not a 
favorable approach to map distribution over landscapes with high spatial heterogeneity, 
where traps might not be spatially autocorrelated if they are too far from one another (Diuk-
Wasser et al. 2006). Traps used as part of mosquito surveillance systems in cities tend to 
be placed in non-uniform patterns dictated by access and convenience with wide expanses 
of variable terrain between them (Reisen and Lothrop 1999). Further, mosquitoes are 
widely known to be driven, in a manner that is species-specific, towards certain 
environments that allow for optimal larval development, feeding, and resting (Porphyre et 
al. 2005; Ferraguti et al. 2016). Therefore, the development of landscape-based model is a 
more appropriate approach to modeling the distribution of mosquitoes in a large, spatially 
heterogenous area such as an urban area. 
Meteorological or climatological data (i.e., temperature, precipitation) are often 
used as predictors alongside landscape-based variables. These factors dictate the 
distribution of vegetation and standing water, and therefore, the extent of suitable habitat 
(Richards et al. 2006; Reisen 2010). Meteorological data are useful in predicting when 
adult populations will spike, as larval development times, and therefore generation times, 
are shortened at higher temperatures (Tun-Lin et al. 2000). When determining the potential 
range of a species, climatological variables are essential to estimate mosquito distribution 
on a country or continent-wide scale (Benedict et al. 2007). However, at smaller scales 
individuals are responding to a wide range of microclimates, or conversely, areas with 
climatic conditions that differ from their surroundings (Murdock et al. 2017; Wong and 
Jim 2017). Microclimate is mediated by local vegetation structure and topography that 
more precisely outline their habitats within a heterogenous landscape (Suggitt et al. 2010). 
For instance, after a rainfall event, the amount of standing water made available for 
oviposition and larval development at any given location is dependent on antecedent 
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wetness, surface permeability, and rates of evapotranspiration present (Shaman and Day 
2005). 
While climatic and meteorological variables affect the relative seasonal or daily 
abundance of mosquitoes (Kovats et al. 2001), it has been emphasized that the principal 
determinant of their presence and relative abundance is more reliably predicted by local 
ecology, land cover and use (Reiter 2001; Zittra et al. 2017). Reiter (2001) warned that 
models hinged on climate-based variables were inappropriate to predict future spread of 
MBD given the more severe impacts of human activities on local ecology. As habitat 
characteristics usually describe relatively static or permanent features such as vegetation 
and land cover, these are more reliable predictors of mosquito distribution in general. 
Additionally, climatic measurements are typically coarse in their resolution, where one or 
two data points are commonly used to represent the conditions across a relatively large 
region (Demets et al. 2020). The distribution of water within an urban area, where there is 
a high density of surfaces that are impervious to water, are not adequately represented by 
these measurements. Further, the resolution of readily available  climatic data is larger than 
the lifetime dispersal range of most mosquitoes, no more than a few dozen kilometres at 
most (Hamer et al. 2014; Verdonschot and Besse-Lototskaya 2014). It is for these reasons, 
that environmental variables pertaining to weather and climate are excluded from this 
review. 
Among landscape-level predictors, variables that describe land cover and/or land 
use (LULC) are most common, though some studies include elevation and slope if there is 
sufficient landscape heterogeneity to suspect influence (Chuang and Wimberly 2012; 
Sallam, Fizer, et al. 2017). Challenges related to the precise definitions of LULC variables 
arise when attempting to compare spatial analyses of mosquitoes, as there are no 
established standards for the extraction of these variables (Sallam, Fizer, et al. 2017). I 
refer to this definition of land cover and land use from Izzah et al. 2016: Land “cover” 
refers to the physical features on the earth’s surface, such as vegetation, bodies of water 
and bare rock. Land “use” considers the socio-economic functions of these areas such as 
whether they are primarily used for agricultural, residential, or commercial purposes. Land 
use and cover are used interchangeably in this thesis, as the relationship between physical 
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features and human usage are inseparable within the urban areas in focus in this review. 
Additionally, while remote sensing techniques do not directly measure land use or land 
cover, they allow for the measurement of spectral information which can be used to infer 
these land use and cover (Natural Resources Canada 2015). In many mosquito distribution 
modelling studies, LULC information in thematic maps are obtained from national 
databases, where they are available as pre-classified data products for general usage 
(Chuang, Hockett, et al. 2012; Healy et al. 2013; Zittra et al. 2017).  Where pre-existing 
LULC data are unavailable or otherwise unsatisfactory for its intended purposes, a 
landscape classification can be performed in a variety of ways using GIS software. 
Another maxim of landscape ecology must be introduced here: results and 
conclusions from spatial analyses are “profoundly” influenced by the scale at which the 
landscape is characterized (Turner 1989; vonHedemann et al. 2015) – this is the basis of 
the modifiable area unit problem (Dark and Bram 2007). The type of landscape 
classification selected, either pixel or object-based, depends on the scale of the landscape 
features or “objects” of interest, and on the resolution of the RM imagery used (Blaschke 
2010).  
Pixel-based classifications are sometimes used to characterize landscapes for 
mosquito distribution studies (Vanwambeke et al. 2007; Landau and van Leeuwen 2012; 
Bunn et al. 2019; Field et al. 2019; Lorenz et al. 2020). These can be performed with both 
“unsupervised” or “supervised” procedures. In an unsupervised procedure, a clustering 
algorithm assigns individual pixels in a remotely sensed image into different classes (to be 
identified later by the user) based on their “colour” or spectral values (Puletti et al. 2014). 
To run a supervised classification, a user first needs to delineate training samples, or 
representative examples of the LULC classes one intends to differentiate. A classifier 
algorithm then assigns individual pixels into the land cover classes specified using spectral 
information obtained from the pixels in the training samples. Examples of common 
classifier algorithms used are the iterative self-organizing (ISO) cluster, maximum 
likelihood, Random Forest (RF) and support vector machine (Vanwambeke et al. 2007; M. 
Li et al. 2014; Thanh Noi and Kappas 2017; Lorenz et al. 2020) 
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Pixel-based classifications perform best when the landscape features (or “objects”) 
of interest and the resolution (pixel-size) of the RM image are similarly-sized, or when the 
latter is larger (Hay et al. 2001; Blaschke et al. 2004).  For instance, if the presence of large 
forest stands or agricultural fields is of interest, a resolution of 250 m or greater would be 
sufficient to obtain accurate information from a pixel-based classification. However, urban 
areas are greatly heterogenous at comparatively much finer scale (Stefanov et al. 2001; 
Herold et al. 2003; Maktav et al. 2005). The coarse resolution of many RM satellites 
hampers their ability to distinguish between LULC variables in urban areas, as they cannot 
distinguish spatial details beyond “built land” or “urban” (Brown et al. 2008). This occurs 
because the small size of landscape features may lead to significant subpixel mixing (Ridd 
1995; Foody 2000), and subsequent misclassification of land cover. Therefore, it is 
recommended that those wanting to extract LULC data at a scale relevant to urban areas 
should use spatial information recorded at a resolution of 10 m per pixel or less, in 
alignment with the scale of larger urban features such as buildings, roads and parks  
(Anderson et al. 1976; Herold et al. 2003). Considering the scale of a mosquito’s individual 
experience in an urban area, which range from microhabitats such as tree holes and 
discarded man-made containers, to backyards, and to larger, more conspicuous biomes 
such as wetlands (Brown et al. 2008; Shaw et al. 2013), a 10 m per pixel guideline is a 
reasonable guideline for the characterization of relevant habitat. 
At a spatial resolution of 10 metres, certain urban features that are relevant to 
mosquitoes, such as residential, vegetated, and agricultural areas, will be represented by 
more than one pixel. When the available resolution of RS imagery is finer than the objects 
of interest, an object-based landscape classification should be used rather than a pixel-
based classification (Blaschke et al. 2014). Using training samples, this approach groups 
pixels together into digital “objects” based on their color (or spectral), size, shape, texture, 
and context from pixels in their surroundings (Blaschke et al. 2014). In doing so, both 
contextual and spectral information are considered by the classification algorithm, leading 
to a more accurate LULC classification in comparison to a pixel-based classification of the 
same imagery (Weih and Riggan 2010).  
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The landscape variables of interest to mosquito distribution studies are commonly 
focused on vegetation and hydrology (Lothrop and Reisen 1999), as well as the extent of 
urban or “built-up” area. Hydrological data often intends to approximate soil moisture or 
the potential for the accumulation of standing water, which is essential for the reproductive 
cycle of all mosquitoes. Measures used to represent a region’s hydrological properties 
include topographical wetness index (Conley et al. 2014), ponding frequency, and 
proximity to wetlands, (Chuang, Hockett, et al. 2012), drainage infrastructure 
(Deichmeister and Telang 2011), or permanent bodies of water (Diuk-Wasser et al. 2006; 
Gleiser and Zalazar 2010; Landau and van Leeuwen 2012). Remotely sensed vegetation 
indices, such as the normalized difference vegetation index (NDVI), are commonly used 
to represent the variation in primary production across the landscape (Kitron and 
Kazmierczak 1997; Gleiser and Zalazar 2010; Chuang, Henebry, et al. 2012; Conley et al. 
2014; Ferraguti et al. 2016). Land cover classes such as cultivated, tree canopy or grassy 
areas are often extracted for use as variables in regression models (Deichmeister and 
Telang 2011; Burkett-Cadena et al. 2013), as these may act as resting sites for mosquitoes 
and their hosts, especially in urban areas (Brown et al. 2008; Kwon et al. 2015; Crocker et 
al. 2017).  
Built land, building cover and impervious surfaces are also frequently included 
(Deichmeister and Telang 2011), as these collect water and may represent up to 93% of 
larval habitats in urban areas (Keating et al. 2003). The presence and characteristics 
(structure, materials, age, etc.) of urban dwellings also signify the presence of human hosts, 
which is particularly important in studies of anthropophilic mosquitoes, or those where the 
epidemiology of an MBD outbreak is concerned (Ostfeld et al. 2005; Kalluri et al. 2007). 
Other urban-specific features vary in their influence on mosquito abundance. Reiter and 
others (1995) found that buildings did not impede on the flight of Ae. aegypti, and large 
highways have been shown to act as a barrier to dispersal for these mosquitoes (Hemme et 
al. 2010). Mosquitoes may find that the lack of shade and emanating heat from the 
pavement create conditions too harsh to traverse (Tun-Lin et al. 1995). 
Population density and other socioeconomic metrics such as income are also 
sometimes used as predictive variables, as they can be represented as a mosaic across an 
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urban area (Conley et al. 2014; Ferraguti et al. 2016; Zittra et al. 2017). Urban areas with 
larger populations living in poverty have been observed to have higher mosquito activity, 
as water stored in open containers, unmanaged containers and unmaintained landscapes 
may provide supportive environments for mosquitoes (Honório et al. 2003; Dowling et al. 
2013). The influence of cryptic habitats in these areas, such as discarded tires or other 
artificial containers, may be difficult to quantify in GIS-based studies, as they are not 
detected at the resolution of most remotely sensed data available. Socioeconomic variables 
therefore provide a way of indirectly including the presence of these cryptic habitats in 
analyses. 
While many examples of different types landscape-based variables being used as 
predictors of mosquito activity are provided above, the influence of specific variables is 
inconsistent and differs between studies. This is attributed to the wide variety of methods 
used, differences in behaviour between species and possibly populations, as well as 
collinearity and statistical distribution in the variables used (Sallam, Fizer, et al. 2017).   
Differences in key drivers of distribution across mosquito species is not overlooked in these 
studies, as resources allocated to control mosquito populations should focus on those most 
influential on pathogen transmission (or mosquito nuisance).   
For example, Cx. tarsalis are a significant vector for West Nile virus in North 
America (Goddard et al. 2002). Studies find different patterns of distribution between these 
Culex species and Ae. vexans, where the latter have been found to use understory vegetation 
more than any other type of habitat (Bidlingmayer 1971; Mullen 1971; Burkett-Cadena et 
al. 2013), and have been associated with proximity to wetlands (Moncayo et al. 2000; 
Trawinski and Mackay 2010; Giordano et al. 2018) and surface wetness (Shaman et al. 
2002; Chuang, Hockett, et al. 2012). Both these findings are consistent with Ae. vexans as 
a floodwater mosquito (O’Malley 1990; Becker 2010). Conversely, Cx. tarsalis are more 
frequently associated with non-forested areas (Diuk-Wasser et al. 2006; Yoo et al. 2016) 
or agricultural and grassland regions (Nielsen et al. 2008; Chuang et al. 2011). Habitat 
preference in Cx. tarsalis for these areas may reflect its adaptation to breed within polluted 
eutrophic waters often found in agricultural habitats (Winters et al. 2008; Eisen et al. 2010), 
which concentrate organic nutrients in drier conditions (Shaman et al. 2002). However, 
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these findings are not homogenous across the literature, as Diuk-Wasser et al. (2006) found 
positive correlation between Ae. vexans and grasslands and cultivated area, and Giordano 
et al. (2018) found that Culex presence is also correlated with proximity to wetlands. 
However, a commonality among vector distribution studies is the method used to 
extract variables using circular zonal areas generated around the mosquito sampling 
locations (Rey et al. 2006; Chuang, Hockett, et al. 2012; Burkett-Cadena et al. 2013; Bunn 
et al. 2019). The variation in the surroundings of different sampling locations is 
characterized by summary statistics, such as the percent coverage of a LULC type or the 
average value of a pixel-based index such as NDVI across a zonal area (Brown et al. 2008; 
Landau and van Leeuwen 2012).  
The size of the zonal area used is at the discretion of the researchers but is generally 
purported to represent the flight range of the species of interests (Kolivras 2006; 
Deichmeister and Telang 2011). Many studies try different iterations of models with radial 
zones of different sizes to find the scale at which the correlation between the pertinent 
environmental variables and mosquito density is most influential (Diuk-Wasser et al. 2006; 
Chuang et al. 2011; Ferraguti et al. 2016; Lorenz et al. 2020). With certain long-flying 
species, such as Ae. vexans, flight ranges of several kilometres may be used as zonal area 
radii if there is little overlap between different zonal areas (Field et al. 2019). Otherwise, it 
is advisable to select a zone radius size that minimizes overlap between zonal areas, as to 
represent an appropriate amount of spatial heterogeneity between sampling locations 
(Burkett-Cadena et al. 2013). Data obtained from this method are commonly transformed 
to better meet expectations of normality and produce more reliable models with reduced 
multicollinearity in the following step (Sallam, Fizer, et al. 2017). 
Spatial statistics and visualization 
Several statistical tests can help users gain insight on the structure of their data prior 
to developing spatial models. Measures of correlation such as Spearman’s rho can be used 
to infer relationships between the response variable and the explanatory variables 
(Bidlingmayer 1967; Kitron and Kazmierczak 1997), or to detect collinearity between the 
latter (Gleiser and Zalazar 2010; Mallya et al. 2018). Moran’s I is the most common index 
used to test for spatial autocorrelation and is used in many mosquito distribution studies 
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(Kitron et al. 1996; Ryan et al. 2004; Diuk-Wasser et al. 2006; Ferwerda and Lathrop 2009; 
Giordano et al. 2018).  It measures the interdependence between values at different 
locations and produces a value between -1 and 1. Values closer to -1 indicate that value 
points are significantly more dispersed than would be expected if values were distributed 
randomly across the landscape. When Moran’s I approaches 1, it indicates the opposite 
(significant clustering), whereas a value near to 0 suggests that the distance between two 
locations has no effects on their values.  
Other interpolative approaches include the use of semivariograms (Curran 1988), 
which are sometimes used to corroborate Moran’s I, especially if kriging or interpolation 
is desired (Liu et al. 2013; Giordano et al. 2018). Semivariograms do not detect clusters or 
dispersion, but can determine the distances among values at which correlations are greatest, 
and can show the impact of local random effects (Ferwerda and Lathrop 2009). Cluster 
analysis can be achieved with statistics like the Getis-Ord *Gi (DeGroote et al. 2008; Nolan 
et al. 2012) and Anselin’s local Moran’s I (Ruiz et al. 2004; Tokarz and Novak 2018). 
While these methods provide valuable information about the data’s spatial 
structures, sophisticated spatial modeling techniques are required if forecasting or mapping 
is desired. Regression models are commonly used to model mosquito distribution, and 
linear regression models are favored by many for their ease of interpretation (Deichmeister 
and Telang 2011; Burkett-Cadena et al. 2013; Bunn et al. 2019). Also used are logistic 
models, where the response variable being modeled is expressed in discrete classes, usually 
binary (e.g., high/low, present/absent, etc.). As examples, these approaches include both 
multinomial or MaxEnt (Conley et al. 2014; Uusitalo et al. 2019) and univariate logistic 
regressions (Diuk-Wasser et al. 2006; Chuang, Hockett, et al. 2012). Among others, mixed 
models (Chuang et al. 2011), negative binomial regression (Healy et al. 2013), and decision 
tree models such as boosted regression trees (Conley et al. 2014) and Random Forest 
regressions have also been used to model species distribution based on environmental 
variables. As they are central to the spatial analysis discussed in Ch.4, the use of decision 




 To determine which variables should be included in the final model, many proceed 
stepwise with their regressions (Landau and van Leeuwen 2012; Sallam, Michaels, et al. 
2017). Some use principal components analysis (PCA) to aggregate redundant variables 
(Rey et al. 2006; Giordano et al. 2018), or calculate the variance inflation factor (VIF) of 
their model to avoid the problem of collinearity between variables (Diuk-Wasser et al. 
2006; Chuang, Hockett, et al. 2012; Burkett-Cadena et al. 2013). Those proceeding 
stepwise must also be cognizant of the inclusion of noise variables, which may compromise 
the outcome of finding the “best” models (Tabachnick and Fidell 2013).  
However, several of the statistical problems commonly encountered during analysis 
of ecological data, including those related to noise or collinearity, can be avoided with the 
use of decision trees, also called regression trees or classification trees. A decision tree is 
a supervised machine learning model that resembles a flow chart in the shape of an inverted 
tree, as per its namesake (Rokach and Maimon 2015). Decision trees are both descriptive 
and predictive, in that they can display the systematic structure of data, as well as predict 
the values of unsampled data (De’Ath and Fabricius 2000).  At each node (branching point) 
in the tree, a specific predictive variable is chosen to split to the data into two groups such 
that the data in these groups are as homogenous as possible (Denil et al. 2014). This process 
is then repeated on each individual group with the remaining predictor variables until there 
are no more predictor variables available to split the data (De’Ath and Fabricius 2000). The 
first node in the tree identifies the most important predictor variable, with predictors 
decreasing in importance as they approach the terminal nodes or “leaves”. The terminal 
nodes represent the predictions made by the decision tree, which can either be categorical 
(in classification trees) or continuous (in regression trees). 
The inherent structure of decision trees safeguards against many problems often 
encountered in ecological data. Both numeric and categorical data can be included in the 
same model (Therneau and Atkinson 2013), and they are robust enough to handle missing 
values and non-normal distributions (De’Ath and Fabricius 2000). Due to their non-linear 
construction, decision trees also perform well where linear regression models fail when 
modelling non-linear relationships (De’Ath and Fabricius 2000). Datasets that exhibit 
multicollinearity, or significant correlation between predictor variables are selected against 
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by the splitting procedure, as redundant variables are unable to efficiently classify the data 
further than covariates used at previous nodes (Therneau and Atkinson 2013). Additionally, 
decision trees are easily represented visually and mimic the taxonomy present in human 
decision-making processes, and so can be intuitively understood by others (Therneau and 
Atkinson 2013). 
Decision trees fall short when trying to generalize to data it has not been trained 
with, which can result in a model that is overfit to the input data. However, a non-
parametric method known as Random Forest (Breiman 2001; Cutler et al. 2007; Biau and 
Scornet 2016) circumvents this problem by constructing many decision trees, and taking 
the mean prediction of each tree. The advantages to Random Forest (RF) lie in the 
“bagging” of observations (named for bootstrap aggregation) used to validate each decision 
tree and the random selection of features from which the tree models are built. 
Bagging is a procedure in which two thirds of the dataset is sampled with 
replacement (also known as bootstrapping) to create a training dataset for an individual 
decision tree. The remaining third of the data not sampled (the OOB or “out of bag” data) 
is then used to validate the tree model and to calculate an OOB error. This value represents 
the proportion of, or extent to which the predictions did not match the values in this 
validation data (Liaw and Wiener 2002). The differences between each OOB prediction 
(𝑦𝑖) and the mean of 𝑛 OOB predictions each 𝑖
th observation (the OOB error) is then 
aggregated to calculate the mean square error (MSE) of the model predictions, as in the 
following equation (Liaw and Wiener 2002): 





The MSE is used to gauge the Random Forest model’s performance, with lower 
MSE indicating that on average, the trees have greater accuracy in predicting the OOB 
data. From here, the percent variance explained (goodness of fit) can be calculated using 







 In addition to this bagging procedure, a subset of randomly selected predictive 
variables (the number set by the user) are compared to one another at each node. The 
variable that splits the data into the most homogeneous groups is chosen and the process 
repeats itself with another subset of variables at the next node. The Random Forest 
algorithm also estimates the importance of each individual variable in the model by 
computing how much the variable causes a decrease in prediction accuracy, measured as 
the percent increase in MSE. The number of trees permuted in the Random Forest model 
must be set by the user, and a greater number of trees generally results in a more stable 
model in terms of relative variable importance, but increases computation time (Liaw and 
Wiener 2002). 
 The robustness of RF is especially evident in circumstances where there are fewer 
observations than predictors (Strobl et al. 2007). It has been observed to perform well when 
evaluating the effects of multiple predictors operating at multiple spatial scales (Bradter et 
al. 2013). Nevertheless, bias can show up in model predictions if the distribution is not 
representative of the full range of variation in the response variable. Random Forest model 
predictions will tend towards the value with highest variation in the response variable  
Therefore it is sometimes advisable to transform the response variable to improve its 
distribution (De’Ath and Fabricius 2000; Ibañez-Justicia and Cianci 2015). Another caveat 
to its use and interpretation is that RF cannot extrapolate, it can only interpolate (Hengl et 
al. 2018), and so the minimum and maximum prediction values will always reflect those 
in the training data. 
When modelling species distribution, including that of mosquitoes, RF has been 
shown by many to outperform traditional parametric regression methods, including 
competing machine learning approaches (Li and Wang 2013; Kwon et al. 2015; Mi et al. 
2017; Diarra et al. 2018; Mudele et al. 2019; Uusitalo et al. 2019). However, only recently 
has the use of RF become more common in mosquito distribution studies (Ibañez-Justicia 
and Cianci 2015; Kwon et al. 2015; Ferraguti et al. 2016; Ong et al. 2018; Chen et al. 2019). 
Once the best models are chosen, a map with predictions of the values at unsampled areas 
can be produced. The predicted values will represent the decisions of the majority of the 
trees generated by the model (Kwon et al. 2015). 
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Finally, models are sometimes validated with independent data if available (Diuk-
Wasser et al. 2006; Chuang, Henebry, et al. 2012; Healy et al. 2013). While the bagging 
procedure inherent in RF models offer some external validation, additional validation can 
be achieved using “true” external data (Ibañez-Justicia and Cianci 2015). A model has good 
predictive ability if it is successful in modeling data from another dataset (from a different 
time or nearby region) with the same predictors. In mosquito distribution models, this 
would signify that decisions made based on the model’s predictions are scientifically sound 
and can be generalized within reason. Additionally, models may be validated by separate 
analyses, where the dependent variables are measured using different representative values. 
If the predictions from these models show similar outcomes, this lends credence to the 




CHAPTER 3 – MARK-RELEASE-RECAPTURE STUDIES 
 
Title: Determination of mosquito dispersal distance for evaluation of buffer zone 
usefulness around the city of Winnipeg 
3.0 – Abstract 
Background: Understanding the dispersal behaviour of nuisance and disease vector 
mosquitoes is essential to the implementation of successful mosquito abatement programs. 
To minimize adult dispersal, programs commonly maintain buffer zones surrounding 
highly populated areas, within which mosquito breeding habitats are actively managed. 
However, it is necessary to establish these buffer zones such that they accommodate the 
flight distance and behaviour of local mosquito species with respect to their environment. 
This study was designed to determine the average flight distances and influence of 
landscape features on the dispersal of mosquitoes in the Winnipeg region in central Canada, 
where a buffer zone is maintained by local mosquito control authorities.  
Methods: Mark-release-recapture experiments (MRR) on adult mosquitoes were carried 
out in the summer of 2016 and 2017. Mosquitoes were marked with fluorescent dust and 
recaptured in New Jersey light traps for at least 11 days following their releases. 
Results: Some common species in the Winnipeg region, including Aedes vexans, Culiseta 
inornata, and Coquillettidia perturbans were marked and recaptured in this study. Marked 
mosquitoes were recaptured 3 km or more from the release site within a few days following 
emergence. Female Ae. vexans are estimated to have a flight range of at least 8 km and 
possibly upwards of 15 km. Male Ae. vexans were also observed to be capable of making 
flights of more than several kilometers. Female Cs. inornata movement was strongly 
driven by the presence of mammalian host animals. No clear influence of the effects of 
wind velocity or direction could be determined from the location of the recaptures, 
although many marked mosquitoes were recaptured in river-adjacent and forested areas 
indicating that landscape features with extensive vegetative cover appeared to be attractive 
to dispersing mosquitoes. Furthermore, these landscape features may act as corridors 
facilitating dispersal and routes of entry for immigrating mosquito populations.  
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Conclusions: The flight ranges observed in these studies support the extent of the current 
mosquito control buffer zone surrounding Winnipeg. Though the object of this study was 
not to determine whether mosquitoes are preferentially dispersing into urban areas from 
outside them, the distances that marked mosquitoes travelled demonstrated their ability to 
fly into the city from surrounding rural municipalities. These findings also highlight the 
potential for vegetated areas to serve as corridors that enable long-range dispersal. 
Keywords: Mark-release-recapture, mosquito, dispersal, flight distance, buffer zone, 
Culicidae, Aedes vexans, Culiseta inornata 
3.1 – Introduction 
Mosquitoes are pests and disease vectors of significant concern in virtually all parts 
of the world. Broad and pre-emptive rather than reactive mosquito control measures have 
been shown to reduce mosquito populations and reduce the number of local cases of 
mosquito-borne illness (Tomerini et al. 2011). Among mosquito control operations 
enacting pre-emptive measures, surveillance and treatment of larval mosquito habitat is 
most common. However, other measures, such as the implementation of buffer zones 
where active mosquito control occurs, may also be valuable in preventing adult mosquitoes 
from dispersing into urban areas from elsewhere. The municipal insect control branch 
(ICB) in Winnipeg, Manitoba allocates significant resources to mosquito control, including 
the surveillance and treatment of an 8 to 12 km buffer zone (usually <10 km, depending on 
available resources) surrounding the city. However, there is little local evidence to suggest 
that larviciding a buffer zone of this size effectively prevents the development of high-
density adult mosquito populations within city boundaries. Additionally, as mosquito 
populations are composed of multiple species, barrier zone widths should be established 
according to the dispersal abilities of the dominant species or those of greatest concern. 
Dispersal metrics are often based on the average distances travelled by mosquitoes 
subject to mark-release-recapture (MRR) experiments, but can also summarize the 
expected maximum flight ranges for a proportion of the mosquito population (Morris et al. 
1991). In a metadata analysis on the flight ranges of various mosquito species, Verdonschot 
and Besse-Lototskaya (2014) found that Culex tarsalis Coquillett, 1896, had a maximum 
average flight range of only 289 m. They asserted that a buffer distance greater than this 
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would be required to achieve 90% reduction in their breeding population. For mosquitoes 
that were found to have some of the greatest flight ranges, such as Aedes vexans (Meigen, 
1830), they explicitly suggest that based on their average maximum flight distance of 8 
km, “a barrier zone will be useless”. This assumes that the maintenance of a barrier zone 
that extends beyond of this distance would be impractical for most urban areas. However, 
the current buffer zone of 8 to 12 km surrounding the City of Winnipeg may be defensible 
in this case. 
While information on flight distances is essential to consider when making 
decisions regarding the implementation of a buffer zone, a qualitative understanding of 
mosquito dispersal is also important. Current literature strongly supports an understanding 
of mosquito dispersal behaviour as a complex process that is broadly influenced by 
landscape structure, environmental conditions (e.g., temperature, humidity, wind, 
illumination) and species physiology (Bidlingmayer 1985; Verdonschot and Besse-
Lototskaya 2014; Trewin et al. 2019). Areas with vegetation of sufficient height and 
density may act as corridors wherein mosquitoes can orient with the silhouette of 
continuous vegetation such as trees (Bidlingmayer and Hem 1981; Schäfer et al. 1997), 
especially if these are near a body of water where humidity is relatively high. Presence of 
standing water near these areas may signal available breeding sites, which may further 
affect dispersal patterns (Reiter et al. 1995). 
Ideally, barriers zones should exploit these dispersal behaviours, and exhibit 
adverse environmental conditions, such as higher relative temperatures and lower related 
humidity, which strongly lower mosquito survival rates (Clements 1963; Craig et al. 1999). 
Open areas with little shelter from wind and heat are most likely to prevent adult females 
from reaching urban areas from peri-urban breeding sites. Conversely, recommendations 
also exist to plant “islands” of shrubs within a buffer zone to provide shelter and reduce 
their flight distance (Bruce-Chwat 1985; Oaks et al. 1991). It is likely that a barrier zone’s 
width is only as effective as the secondary conditions within it that contribute to limiting 
mosquito dispersal. 
The objective of this study was to document the dispersal of marked mosquitoes, 
primarily Ae. vexans, into the Winnipeg area within the province of Manitoba, Canada. We 
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performed mark-release-recapture (MRR) studies to establish the effective flight ranges of 
many common mosquito species and to discern the influence of landscape-based variables 
on their dispersal. I hypothesized that adult mosquitoes would exhibit dispersal patterns 
driven by landscape features. I predicted that adult mosquitoes would show active (rather 
than wind-assisted) dispersal towards areas with higher moisture profiles, such as those 
with high vegetative cover, or near rivers or standing water, and that females would 
disperse toward areas with high densities of their preferred hosts. The findings will assist 
local mosquito surveillance and control efforts, and to help determine whether the current 
10 km buffer zone around the urban perimeter of Winnipeg would be effective considering 
the dispersal capabilities of mosquitoes in the region.  
3.2 – Methods 
3.2.1 – Study site 
The study site for all mark-release-recapture (MRR) experiments included the City 
of Winnipeg and adjacent municipalities in Manitoba, Canada. This region is 
approximately 110 km north of the Canada-United States border with North Dakota and 
Minnesota (Figure 1). It covers nearly 200,000 ha (2000 km2) at 230 to 240 m above sea 
level (Environment Canada 2010). The Winnipeg region occupies the northern end of the 
Red River valley and is drained by the La Salle, Assiniboine, and Seine rivers as its main 
tributaries. The Red River valley is in the Lake Manitoba plain, a transitional zone near the 
southern edge of the boreal plains. Prior to European settlement, it was located at the 
northern border of the aspen parkland and tallgrass prairie ecoregions within the prairies 
ecozone near the Canada-United States border (Ecological Stratification Working Group 
1996; Schellenberg et al. 2016).  
The prairies ecozone is the most human-altered region in Canada, with Winnipeg 
and the surrounding region dominated by intense mixed agricultural uses including 
cropland, rangeland and pasture (Ecological Stratification Working Group 1996). Forested 
areas north of Winnipeg mirror that of the boreal plains, and are described as 
“mixedwoods” with white spruce (Picea glauca, (Moench) Voss) and jack pine (Pinus 
banksiana, Lambert), as well as broadleaf species such as white birch (Betula papyrifera, 




Figure 1. Region within Manitoba studied in mark-release-recapture experiments and in analysis of archival mosquito surveillance 
records. Mosquito control buffer zones typical extents are shown by the shaded portions.
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balsamifera, Linnaeus) (Rowe 1956; Ecological Stratification Working Group 1996). The 
urban forests and parklands in the area are dominated by American elm (Ulmus americana, 
Linnaeus, 1753), aspen (Populus L. spp.) groves, bur oak (Quercus macrocarpa, Michaux, 
1801), ash (Fraxinus L. spp.), and herb and grass species common in the rest of the mixed 
prairie and boreal plains (Ellis 1938; Looman and Best 1987).  
The region is subject to periodic flooding by run-off from higher adjacent lands and 
long-distance movement of water flowing north down the Red River Valley. Average 
annual precipitation in the Winnipeg region ranges from 450-700 mm, with approximately 
two-thirds as rainfall from May through to the end of September (Ecological Stratification 
Working Group 1996; Environment Canada 2010). The region has a humid continental 
climate, with an average daily temperature between 2 and 3°C (Ecological Stratification 
Working Group 1996). In January and July, the average daily temperatures are -16.4°C and 
19.7C, respectively (Environment Canada 2010).  
Dark chernozemic soils are dominant in this region and are referred to as “black 
earth”. They are weakly saline and developed on heavy lacustrine clay deposits, sometimes 
underlain by silt sediments (Ellis 1938). The soil’s moisture-holding capacity and relatively 
flat topography is conducive to mechanized agricultural operations (Ecological 
Stratification Working Group 1996). The combination of fine soils with low permeability, 
heavy rainfall, and warm summer climate present optimal conditions for the establishment 
of mosquito populations.  
3.2.2 – Mark-release-recapture (MRR) experiments 
 A series of MRR experiments were carried out during the summer of 2016 and 2017 
along the southern border of the City of Winnipeg and the adjacent Rural Municipality of 
Ritchot. The same outdoor release site was used for both years and was located on the 
southern edge of the Winnipeg city limits in a City of Winnipeg tree nursery, approximately 
70 m north of the buffer zone (49 44' 44.9" N, 97 08' 43.9" W). Wild mosquito larvae 
were collected locally and reared in a series of 25 enclosed pools at this location. Rearing 
pools consisted of a square wooden frame (0.86 m by 0.86 m) with a maximum depth of 
approximately 15 cm (Figure 2). The frames were each lined with a polyethylene sheet and 
filled with non-chlorinated water to an average depth of 11 cm (Figure 2). Organic matter 
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was added to the pools to simulate a larval habitat (Figure 3). In 2016, leaves, dry grass 
and other organic debris from a local riverbank park were added to the enclosures. 
However, due to dry weather conditions in 2017, sod was added to the enclosures instead. 
As an oviposition substrate, sod infusions have been shown to attract both Culex and Aedes 
mosquitoes (Madder et al. 1980; Lampman and Novak 1996; Jackson et al. 2005) and have 
previously been used in the Winnipeg area by Brust (1990) to collect Cx. tarsalis and Culex 
restuans Theobald, 1901 egg rafts. In both years, the sod or organic matter was completely 
or partially submerged in the water to varying depths. Pools were covered with a 
pyramidal-shaped, screened enclosure and emerging adults rested on the screen. 
 
Figure 2. Empty rearing pools at the release site prior to marking (2017).                 




Figure 3. Water-filled rearing pools with (a) leaves and organic debris in 2016 and (b) 
with sod in 2017. Photo: M. Balcaen. 
Once emerged, adults were trapped by sliding a polyethylene tarpaulin between the 
pool and the screened enclosure. The screened enclosure with the trapped adults was then 
moved to an area adjacent to the rearing pools and set on the ground downwind from the 
open pools to avoid possible contamination by the marking procedure. A second tarpaulin 
was placed over the side of the screened enclosure facing downwind to minimize 
contamination to the nearby area by marking dusts. Adults were marked through the screen 
with fluorescent ultraviolet (UV) pigment dust from the ECO series, which uses a 
formaldehyde-free resin (DayGlo Color Corp., Cleveland, OH). The dust was applied with 
concentrated puffs from a 500-mL polyethylene bottle fitted at the mouth with rubber 
tubing. Once the dust was applied, the enclosure was inverted and gently tapped to induce 
the adults to take flight. Mosquitoes were not blood or sugar-fed prior to their release.  
Mosquitoes were recaptured in 2016 and 2017 in unbaited light traps in the region 
surrounding the release site. Nearly all traps were New Jersey light traps (NJLTs) (John 
W. Hock Company, Gainesville, FL), which are standard trap models used by most 
mosquito control districts in North America (Figure 4). The conical roofs of the light traps 
were fitted with a 25-watt light bulb that acted as an attractant. A vertical metal cylinder 
housed an electric fan covered by a ¼ inch mesh screen to exclude larger insects. The fan 
drew in mosquitoes and other smaller insects such as moths and flies that flew toward the 
light. A mesh funnel below the fan concentrated the insects into a collection jar with a strip 







ran on a general-purpose AC power supply. The traps operated continuously, except in case 
of occasional disruptions, such as their light bulbs burning out. During heavy rain events, 
samples were sometimes water-logged, rendering the mosquitoes unidentifiable, which 
required the samples to be discarded.  
In 2017, in addition to the NJLTs, miniature battery-operated “stealth” light traps (MLTs) 
(John W. Hock Company, Gainesville, FL) were deployed in five trap locations where 
electricity was not available (Figure 5). These traps operated continuously and emitted 
incandescent light above a motorized fan, similar to the NJLTs. Batteries for these traps 
had to be exchanged at least every 2 trap nights, though battery life appeared to be 
inconsistent, resulting in some disruptions in collection from these traps. 
 
 
Figure 4. New Jersey light trap in the field in 4A. Trap components shown in 4B 
are as follows: (a) vertical metal cylinder, (b) conical roof, (c) 25-watt bulb, (d) ¼ 
inch mesh screen, (e) fan, (f) mesh funnel, (g) collection jar, and (h) insecticide. 






Figure 5.  Miniature battery operated 
“stealth” light trap (MLT) hung in 
tree. Photo: John W. Hock Company 
 
In both years, traps were predominantly located in grassy or tree-covered areas on 
residential (in private backyards) or municipal property, or in recreational areas such as 
public parks. See Appendix II for a full list of trap locations and their immediate 
surroundings. All traps from the 2017 dataset were numbered according to their distance 
from the release site. Traps from the 2016 dataset which remained in the same location in 
the 2017 dataset were given identical ID numbers. If not, they were numbered beyond the 
maximum number of traps present in 2017 (51). 
Some traps that were deployed exclusively for the experiment were emptied each 
day by M. Balcaen or field assistants. These trap collections were processed by removing 
the mosquitoes from bycatch and recording the total number of males and females. Both 
marked and unmarked mosquitoes were identified to species using keys by Wood et al. 
(1979). All specimens were identified in 2017, but in 2016, collections were subsampled 
by spreading a sample across a 5x5 cm grid and identifying all mosquitoes within a set of 
randomly selected of grid cells. At least 20% of each trap collection sample was identified 
to species using this technique, with the proportion tending toward 100% where samples 
contained fewer than 100 individuals. This method is considered to be accurate, and with 
minimal estimation error for the relative abundance of species (Jaworski et al. 2019), and 
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is in concordance with the sampling approach of others (Reinert 1989).  Each mosquito 
from all light traps in both years was visually inspected for the presence of the fluorescent 
marking dust using a compound microscope and external UV (black) lights in a dark room. 
Marked mosquitoes of both sexes were removed from collections, counted, and identified 
to species. 
Both experiments operated concurrently with the ICB’s regular mosquito 
surveillance period and made use of their ongoing collections from NJLTs to track 
mosquito dispersal. During the release periods, the frequency of collection from these traps 
varied according to mosquito volume. For most collection days, the numbers of female 
mosquitoes were recorded for only the following four species of interest: Ae. vexans, Cx. 
tarsalis, Cx. restuans, Cq. perturbans (see Appendix I list of mosquito species known to 
be collected in Winnipeg). These collections were processed (separated and counted) by 
ICB staff and then inspected by M. Balcaen for fluorescent dust markings. Once per week, 
ICB staff identified all female mosquitoes present in one day’s worth of trap collections to 
the species level.  
3.2.3 – 2016 MRR experiments 
In June of 2016, an MRR experiment was carried out to determine if adult 
mosquitoes were dispersing from the perimeter of the city toward the inner regions of 
Winnipeg. On May 31st and June 1st, first and second instar mosquito larvae were collected 
from Dakota Park (Figure 6) in south Winnipeg in a wooded area which commonly floods 
in the summer (49 49' 05.4" N, 97 06' 14.7" W). The site was selected for convenience, 
as ICB staff had recently reported a high volume of larvae at this site and had scheduled it 
for treatment with Bacillus thuringiensis israelensis (Bti) on June 2nd. Mosquitoes were 
collected using utility buckets and poured through a fine-meshed sieve to concentrate the 
larvae into a larger container. Larvae were transported to the release site and transferred 
into the enclosed rearing pools at the release site (Figure 6).  
Decaying leaves, dried grasses, and other organic debris collected at La Barrière 
Park adjacent to the release site (49 43' 12.1" N, 97 10' 23.1" W) (Figure 6) were partially 
submerged by non-chlorinated water in the rearing pools to simulate a natural larval 








evaporation. Larval numbers were estimated by taking manual counts of 3 samples from 
each rearing pool and extrapolating these numbers according to the water volume of each 
pool. Sampling from June 6th estimated a total of 190,000 larvae. Samples from several 
pools were preserved for later species determination.  
Prior to each marking and release occurrence, the number of adults were visually 
estimated in perceived units of 50 mosquitoes from each side of the screened top, and a 
minimum and maximum estimate was recorded (Appendix III). Adults were marked with 
UV fluorescent pigment dust in ECO11 Aurora Pink®. Median estimates of 19,225, 
16,350, 7,300, and 7,400 adults were marked and released in the late mornings of June 11th, 
13th, 14th, and 17th, respectively (see Appendix III for details). A total of approximately 
50,275 adult mosquitoes were marked with the pink dust. Only adults from pools with 
appreciable numbers of emergent adults were marked, leaving those with fewer adults to 
be marked later when more adults had emerged. 
For a period of 44 days from June 13th to July 25th, mosquito collections from a 
total of 41 NJLTs were routinely inspected (Figure 6). Marked adults were identified by 
microscope with the aid of two 9-watt bulb UV (black light) flashlights.  
Of the 41 traps used, 37 traps were collected by the Winnipeg ICB staff as part of 
their standard mosquito surveillance program. These 37 traps ran continuously from May 
4th to September 28th and were located between 5 km and 30 km from the release site 
(Figure 6). Trap collections and sorting were carried out daily, though no collections were 
made on July 1st. Prior to the release of the marked adults, I also inspected the mosquitoes 
collected from these traps from May 20th to June 10th. This was to determine whether there 
were fluorescent pigments resembling those used for marking present in the wild mosquito 
population that could potentially confound the mark-release-recapture data. No fluorescent 
markings resembling those found on marked adult mosquitoes were observed in these 
inspections. 
Three of the remaining four NJLTs (#1, 11, and 13) operated within 5 km of the 
release site and were collected by the author on a daily basis. Another trap (#52) was 
located 8 km north of the release site and was collected on a similar schedule. All 4 traps 
were operational from June 17th to July 7th. After July 7th, only trap #52 remained 
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operational and collection became inconsistent until the end of the collection period on 
July 25th (Table 2). No collections were made from these 4 traps on June 28th, July 1st, and 
July 3rd. 
Table 2. Timeline of operation for NJLTs deployed by the University of Winnipeg 
exclusively for MRR experiment in 2016. 
Time period 
Traps operational during this time (by trap no.) 
Start End 
June 13 June 17  11, 13 
June 14 June 16 1, 11, 13 
June 17 July 6 1, 11, 13, 52 
July 7 July 25 52 
3.2.4 – 2017 MRR experiments 
In August of 2017, a series of MRR experiments were carried out to determine 
whether mosquitoes were actively dispersing towards certain dominant features on the  
landscape, such as water bodies and green areas. Due to record lows in mosquito numbers 
in 2017 (CBC News 2017 Jun 28), mosquito larvae could not be retrieved from Dakota 
Park or any similar location within the study area. As an alternative measure, sod was 
placed into the rearing pools and partially submerged in non-chlorinated water on July 20th. 
The pools were then left unscreened for approximately a week to attract gravid females. 
Additional water was added to rearing pools as necessary to compensate for evaporation 
or absorption by the sod. No larval samples were preserved for species determination and 
no estimates of larval numbers were recorded for these experiments.  
Different dust colours were used in 2017 to distinguish between different release dates. 
Mark and release procedures were carried out on August 1st, 8th, 14th, and 17th. The colours 
used to dust mosquitoes during these release dates were UV fluorescent pigment dusts in 
ECO15 Blaze Orange™, ECO17 Saturn Yellow®, ECO11 Aurora Pink®, and ECO19 
Horizon Blue™, respectively. A total of approximately 29,000 adults were marked, with 
each procedure marking an average of 7,231 individuals (Table 3). Prior to marking and 
release on August 1st, photos were taken from each side of the screened top such that the 
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number of adults could be manually counted later. This proved to be ineffective and counts 
for subsequent releases were done manually with clickers by two field assistants each 
visually inspecting two sides of the screen.  Marking was carried out for all rearing pools 
that were observed to have resting adults (see Appendix IV for details).  
For a period of 88 days from June 1st to August 28th, I inspected all mosquitoes 
collected from a total of 51 light traps (Figure 7). Marked adults were identified by 
microscope with the aid of two 3-watt LED UV spotlight bulbs on gooseneck stands. The 
number and location of visible dust particles was recorded for all marked specimens. 
Of the 51 traps used, 37 were NJLTs operated by the Winnipeg ICB staff as part of 
their standard mosquito surveillance program. These 37 traps ran continuously from May 
3rd to September 29th and traps were located between 5 km and 30 km from the release site. 
Trap collections and sorting were carried out three times per week (typically Monday, 
Wednesday and Friday).  I inspected the mosquitoes collected from these traps for 61 days 
Table 3. Summary of mosquito releases in 2017. 
Release date Dust colour used # of adults marked 
August 1st  ECO15 Blaze Orange™ 1,752 
August 8th  ECO17 Saturn Yellow® 9,500 
August 14th  ECO11 Aurora Pink® 5,723 
August 17th  ECO19 Horizon Blue™ 11,948 
Total 28,923 
 
prior to the start of the first marking procedure (June 1st – July 31st) and found no 
fluorescent markings resembling those used in the MRR experiments. The extended 
duration of this pre-release inspection period was not intentional. It was expected that 
inspections would only continue for a maximum of a few weeks, during which time field-
sourced larvae would be collected and reared for release, as in 2016. However, due to 
drought conditions, larvae could not be obtained, and alternative methods of procuring 




Figure 7. Location of the release site and light traps in the mark-release-recapture experiments in 2017. 
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The remaining 14 traps were operated within 5 km of the release site and were 
collected by the author or by field assistants daily. A total of 9 of these traps were NJLTs, 
and the remaining 5 were MLTs. Individual traps were deployed throughout the period 
preceding the releases, and all 14 were operational by the start of the first release on August 
1st through until August 28th (Table 4). 
3.2.5 – MRR analysis 
 When calculating the average recapture rate (x̄φ) recaptured across all four 
releases in 2017, values were weighted to account for the unequal number of days for which 
trapping was carried out (𝑡𝑟), as well as the varying number of mosquitoes marked per 
release (𝑚𝑟). This was done to ensure earlier, or larger releases would not have 
disproportionate influence on the average capture rate. Recapture rates from individual 
releases were weighted according to a proportional factor (𝜑𝑟). For each release, the ratio 
of the total trap days elapsed (𝑡𝑟) and the maximum number of trap days possible (𝑡𝑚𝑎𝑥) 
was added to the proportion of mosquitoes released relative to all mosquitoes released. 









Similarly, when all releases were converted to a dateless time-series and 
consolidated, recapture results were also standardized to offset the differences due to 
varying numbers of marked mosquitoes across releases. For each release, the daily number 
of recaptured mosquitoes was divided by the relative proportion out of the total number of 
mosquitoes marked for a given release. The products were then normalized such that the 
maximum number of daily recaptures (including both sexes) for any given release was 
capped arbitrarily at 10 (Han et al. 2011). In other words, the highest daily recapture 
numbers observed for each release were standardized to 10, while lower numbers were 
proportionally lower. 
Data were not normally distributed, nor homoscedastic, due to a high volume of 0s in the 
mosquito count data and the presence of differences in variances between marked and 
unmarked mosquitoes. Kendall’s tau coefficient (rτ) was used to determine if significant 
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correlations were present between numbers unmarked and marked mosquitoes in trap 
collections. The rτ statistic is more meaningful than Spearman’s rho with nonparametric 
data that include outliers, small sample sizes, and many tied ranks (Croux and Dehon 
2010). 
Table 4. Operation timeline for traps deployed exclusively by the University of Winnipeg 
for MRR experiment in 2017. 
Time period Operational NJLTs 
(by trap no.) 
Operational MLTs 
(by trap no.) Start End 
June 1 June 6 1, 11, 13 2 
June 7 June 8 1, 9, 10, 11, 13 2 
June 9 June 10 1, 9, 10, 11, 12, 13 2 
June 11 June 11 1, 3, 9, 10, 11, 12, 13 2 
June 12 June 19 1, 3, 8, 9, 10, 11, 12, 13, 14 2 
July 20 July 21 1, 3, 8, 9, 10, 11, 12, 13, 14 2, 4, 7 
July 22 August 28 1, 3, 8, 9, 10, 11, 12, 13, 14 2, 4, 5, 6, 7 
 
Hourly measurements of wind velocity for the 2016 and 2017 study period were 
obtained from the Environment Canada Historical Data record at the Winnipeg 
International Airport (49 55' 00.0" N, 97 14' 58.0" W), 20 km north of the release site. 
While temperature, precipitation and other meteorological variables may influence the 
volume of mosquitoes that disperse and are observed in trap collections, it was the role of 
physical landscape features in mosquito dispersal that was of interest in these experiments. 
As such, no other meteorological variables were included in the analysis. Information about 
daily and nightly temperature, relative humidity wind velocity, and total daily precipitation 
for both study years can be found in Appendices V and VI. 
To compare wind speeds between periods throughout the MRR experiments, wind 
data were log-transformed to fit the assumption of homogeneity of variances across periods 
(determined by Levene’s test). As the data could not be transformed to fit a normal 
distribution, a Kruskal-Wallis H test, followed by Dunn’s test (with Bonferroni 
adjustment), was used to identify specific differences between wind speeds across periods.  
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Net dispersal distance (straight-line distance between the release site and trap 
location for each recaptured mosquito) and bearing was measured using Google Earth Pro. 
Recapture data were transformed to compensate for unequal trap densities at increasing 
distance intervals according to the following procedure (Lillie et al. 1981; Brenner et al. 
1984; Lillie et al. 1985; Morris et al. 1991).  
Each trap was assigned to a circular area or “annulus” (Ai) at distance Di from the 
release site. Concentric circles of annuli around the release site were each separated by a 
fixed distance. Each annulus had an inner radius (a) and an outer radius (b), with the median 
distance between them used as the dispersal distance (Di) of the mosquitoes recaptured in 
the traps within a given annulus (Figure 8).  




This correction procedure used an annular spacing of 1.8 km in 2016, as it was the 
smallest interval in which each annulus would host at least one trap. In 2017, intervals of 
1.8 km were also used, but an alternate analysis using 0.5 km annuli was also carried out 
to investigate whether similar results would be obtained. This second analysis excluded all 
recaptures beyond a 5 km radius, as not all 0.5 km annuli contained one or more traps 
beyond this distance. 
 To calculate a correction factor (CFi) for the transformation, the area within each 
annulus (Ai) was divided by the total area (AT) covered by all annuli and multiplied by the 





This correction factor was subsequently used to calculate the expected number of 
recaptures (ERi) which would be expected for each annulus if recapture effort had been the 
same in each annulus. If a trap site fell on a line between dividing adjacent annuli, a ½ trap 
was reported among the total traps in each annulus (𝑁𝑖) and its observed recaptures (𝑂𝑅𝑖) 







× 𝐶𝐹𝑖  
To determine the mean distance traveled (MDT) by recaptured mosquitoes, the 
expected number of recaptures from each annulus was multiplied by the annulus distance 
(𝐷𝑖) and their products were summed for all annuli and divided by the total number of 
estimated recaptures (𝐸𝑅𝑇).  
𝑀𝐷𝑇 =  





The cumulative numbers of transformed or “corrected” ERs with increasing 
distance from the release site were regressed against the log-transformed distance. The 
regression line obtained allowed for the determination of flight range (FR) for a proportion 
of the recaptured populations. For example, FR90 describes the flight range for 90% of 
mosquitoes released. Mathematically, FR50 is the median distance travelled and can be 
compared to the MDT (Morris et al. 1991).  Note that unless specified as an MDT value, 
other distance values reported in the results are calculated without any correction for trap 
density. 
 If we assume that dispersal activity is greatest when mosquitoes are nectar- or host-
seeking, as they would be upon release, MDT and FR values become less meaningful as 
mosquitoes age.  As such, these values were calculated using the corrected ER values 
obtained after both 3 days or 7 days following the final release (or final release date for 
2016) and those obtained over the complete duration of the studies. The 3-day and 7-day 
values describe “initial” flight ranges and mean dispersal distances (MDTs) that reflect the 
period of high dispersal activity following release. Those calculated using all recaptures 
for the study periods describe “potential” lifetime flight capabilities. Values calculated 
using recaptures over longer periods of time have larger sample sizes and power but may 
misrepresent flight capabilities as the effects of other factors such as weather and age 
accumulate over time. Additionally, “potential” lifetime flight capabilities may 
underestimate the full extent of a mosquito’s dispersal over their lifetime, as mosquitoes 





Figure 8. An example schematic of trapping annuli within the study area. Ai refers to the 
area of the annulus, while a and b refer to the radius of the inner and outer of the annulus, 
respectively. 
Since all traps in 2016 were within a 146 angle from the release site (located 
between a bearing of 284 and 70), the total area of the trapping area (𝐴𝑇) and of each 
annulus (𝐴𝑖) was multiplied by a factor of 0.406 (146/360). These values were used to 
calculate the appropriate correction factors given the extent of the trap coverage. A similar 
correction was made in 2017 to reflect the largest “blind spots” observed in the extent of 
the trap coverage. The immediate trap coverage surrounding the release site was much 
greater in 2017; therefore, a coverage correction factor of 0.728 was used to reflect a 
combined 262 of trap coverage. This correction excluded the combined area between the 
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bearings of 284 and 222, and 159 and 195 with no trap coverage. Corrections affected 
the number of expected recaptures calculated at different distances but did not affect the 
MDT or FR values calculated. Version 3.6.1 of R (R Core Team, Vienna, Austria) was 
used for these analyses. 
3.3 – Results 
3.3.0 – Summary of mosquito collections during MRR experiments 
The number of mosquitoes which could be marked and recaptured was limited by 
precipitation, which greatly affected mosquito population numbers during the experimental 
flight periods in 2016 (June 11th to July 25th) and 2017 (August 1st to August 28th). In 2016, 
the temperature from early May to late September averaged 17.1C, and a total of 342 mm 
of precipitation was recorded. In comparison, in 2017 the average temperature was 16.3C, 
and a total of 222 mm of precipitation was recorded for this period (Environment Canada 
2019).  
During the 44-day experimental study period in 2016, 165.1 mm of rain fell. This 
was nearly 22 times more than the 7.6 mm of rainfall recorded during the 27-day study 
period in 2017. Subsequently, the average number of mosquitoes collected per trap night 
in 2016 (M = 32, SD = 72) was over five times larger in comparison to those in 2017 (M = 
6, SD = 18) (Table 5). Female mosquitoes also made up a greater proportion of total trap 
collections in 2016 (80.9%) than in 2017 (72.1%) (Table 5).  
The average daily and nightly temperatures during 2016’s study period was 20.8C 
(SD = 3.7) and 16.2C (SD = 3.5). Similarly, the study period of 2017 had a daily average 
of 18.7 C (SD = 6.1) and a nightly average 13.0C (SD = 4.2). See appendices V and VI 
for complete climate information for both study periods.    
3.3.1 – Mark-release-recapture experiments of 2016 
Of an estimated 50,275 mosquitoes marked in 2016, 79 individuals were 
recaptured, resulting in a recapture rate of 0.16%. Since releases were not distinguished by 
date, the length of the recapture period was between 39 to 44 days (median 42 days). 
Marked recaptures consisted of 65 females (82.3%) and 14 males (17.7%).  Five different 
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Table 5. Summary of trap collections in 2016 and 2017. Climate figures shown are 
calculated from the start of May to the end of September. Most traps ran continuously for 
5 months from May 4th to September 28th (148 days) in 2016, and May 3rd to September 
29th (150 days) in 2017.  Numbers include recaptured individuals. Standard deviations are 
shown following means. See appendices V and VI for complete climate information for 
both study periods.    
 
2016 2017 
Total number of traps 41 51 
Females   
Total collected 142,423 28,189 
Mean collected per trap/night 26 ± 58 4 ± 15 
Males   
Total collected 33,694 10,926 
Mean collected per trap/night 6 ± 21 2 ± 6 
Total   
Total mosquitoes collected 176,117 39,115 
Mean mosquitoes collected per trap/night 32 ± 72  6 ± 18 
Climate   
Mean temperature (°C)  17.1 ± 5.7 16.3 ± 6.1 
Mean relative humidity (%) 70 ± 20 66 ± 21 
Mean daily precipitation (mm) 2.4 ± 5.2 1.6 ± 4.3 





species were identified among the recaptures (Table 6), with Ae. vexans being the most 
abundant. These included among them 55 females (81% of all Ae. vexans recaptured) and 
13 males (19%). The five species were observed in similar proportions within the wild 
population (n = 24,343) collected during the same period. Across daily trap collections, the 
number of wild mosquitoes captured was significantly correlated with the number of 
marked mosquitoes recaptured (rτ = 3.8, p < 0.001). This trend was consistent for both 
female (rτ = 3.8, p < 0.001) and male mosquitoes (rτ = 3.2, p < 0.001). 
Larval samples (n = 188 individuals total) obtained from 14 rearing pools were all 
identified as Ae. vexans larvae despite nearly 14% of recaptured mosquitoes being 
identified as other species (Table 6). Other species were not captured in numbers 
significant enough to draw conclusions about their dispersal behaviours.  
Table 6. Species and sex breakdown of recaptured mosquitoes in 2016. Includes 
composition of wild (unmarked) mosquito collection (n = 24,343) for collections identified 
to species in full for the MRR period (June 13th to July 25th) for comparison. Percentages 




























































Total recaptured 68 7 1 1 1 1 
 
79 
no. females 55 7 1 1 1 0 
 
65 
no. males 13 0 0 0 0 1 
 
14 
% of recaptures 86 9 1 1 1 1 
 
 




Over 50% of mosquitoes recaptured were collected by June 26th (15 to 20 days 
following release) (Figure 9). The remaining recaptures were collected in the 29 days that 
followed until trapping was concluded on July 25th (39 to 44 days following the releases). 





Figure 9. Daily breakdown of recaptured mosquitoes by day for 2016. Female specimens are indicated by red bars, male specimens 
are indicated by blue bars.  The dashed line indicates the cumulative proportion of mosquitoes recaptured throughout the study 
period. Releases were on June 11th, 13th, 14th, and 16th. See appendix VII for raw data. 
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days following release); the second wave between June 25th and July 7th (21 to 26 
days following release).  Only one mosquito was recaptured after July 11th – it was 
recaptured on July 24th, 38 to 42 days following release (Figure 9). Daily recapture 
numbers of more than five mosquitoes only occurred on June 17th, 18th, and July 
2nd, after a median of 4-, 5- and 19-days following release, respectively. The 
number of males and females recaptured per day were significantly correlated (rτ = 
3.4, p < 0.001). See Appendix VII for a daily breakdown of recaptured marked 
mosquitoes. 
With approximately one marked mosquito for every 1400 mosquitoes 
trapped, there were similar ratios for males and females. Trap site 1 (which was 
nearest to the release site) had the highest ratio of marked mosquitoes to unmarked 
mosquitoes, at 1 to 50. This ratio was consistent between the sexes.  
The maximum distance at recapture (dispersal distance) observed was 26.4 
km for one female Cq. perturbans individual at trap #50, which was the second 
furthest trap north of the release site. The maximum dispersal observed for males 
was by an Aedes vexans individual at 7.8 km. The furthest voyage made by an Ae. 
vexans was made by a female that was recaptured at 17.7 km from the release site. 
See Appendix VIII for a breakdown of recaptured marked mosquitoes in 2016 by 
distance from release site.  
Over 95% of all recaptured mosquitoes were trapped within 8 km of the 
release site, with over 70% recaptured in the two traps (#1 and 11) located within 
4 km of the release site (Figure 10). Three outliers were trapped 10, 18 and 26 km 
from the release site in traps 21, 35 and 51, after a median of 4, 12, and 15 days 
following release, respectively. 
A total of seven traps recaptured marked mosquitoes in 2016. Only two of 
these traps (#11 and #52) were in areas shaded by trees, whereas the five remaining 
traps (#1, #13, #21, #35, and #50) were all in more open areas above grassy or 
herbaceous ground cover. The two shaded traps (#11 and #52) collected 46% of all 
recaptured mosquitoes (37 individuals) and exactly half of all Ae. vexans. Both 




Figure 10. Recovery pattern of recaptured mosquitoes in 2016. Numbers near each trap marker denote the number of marked-
recaptured females and males, respectively. Annuli are separated by 2 km for the first 10 km, then by 5 km. 
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combined recapture numbers were only exceeded by trap #1, which was closest to the 
release site. This trap recaptured 43% of all recaptured mosquitoes (34 individuals), and 
41% of all Ae. vexans. 
All three of the traps that recaptured mosquitoes more than 8 km north of the release 
site (traps #21, #35 and #50, 1 individual each) were located on the east side of the Red 
River in grassy or herbaceous environments in residential properties. Two of these traps 
were relatively close to a waterway: trap #21 was 450 m from the Seine River and trap #50 
was 670 m from the Red River. Traps #35 was nearly 5 km from any waterway. Both males 
and females were observed dispersing at least 6 km from the release site within the first 
three days (Figure 11 and 12). For females, this trend persisted throughout the remainder 
of the first week.  
By the end of the first two-week period following release, a female Cq. perturbans 
individual had reached a trap (#50) near the edge of the trapping extent in the north. In the 
third week, nearly as many females were recaptured in traps up to 8 km from the release 
site in comparison to the first week, in what is referred to here as the “second wave” (Figure 
11). From the start of the fourth week to the end of the study period, recapture numbers 
were much lower but still observed in traps up to 8 km of the release site. The only 
mosquito recaptured beyond the first four weeks was one female Ae. vexans individual, 
observed in trap #52, nearly 8 km from the release site. Male recaptures were consistently 
lower regardless of time interval and were not observed beyond the 6 to 8 km annulus 
(Figure 12). See Appendix IX for a complete list of all recaptured mosquitoes, their 
recapture dates, and trap locations. 
The prevailing wind direction and speed during the study period in 2016 was 
variable (Figure 13). The week following the first release (June 11 to 17) saw strong 
easterly winds, with predominant winds originating from the north and southeast. Westerly 
winds prevailed during the second week (June 18 to 24), which gave way to predominantly 
west and southwesterly winds accompanied by strong northwesterly winds during the third 
week (June 25 to July 1). Southerly winds prevailed for the remainder of the study period. 
The average wind speed throughout the study period was 4.1 m/s (SD = 2.0). There were 




Figure 11. Number of recaptured female mosquitoes blocked by dispersal distance and time interval following release 




Figure 12. Number of recaptured male mosquitoes blocked by dispersal distance and time interval following release (median days 




Figure 13. Wind roses for the study period in 2016 (June 11 to July 25), based 
on hourly wind data from all hours of the day (Environment Canada 2019). The 






Figure 14. Boxplot comparing wind speeds (measured at 10 m above ground) between 
different periods of the 2016 MRR experiment. Outliers are shown in blue. Weekly periods 
with the same letters do not have significantly different wind speeds (p > 0.05). 
During week 2 (June 18-24th), wind speed was higher on average in comparison to the other 
periods (Kruskal-Wallis, χ2(3) = 43.3, p < 0.0001, n = 1066). 
Lifetime MDT values (see calculation example in Table 7) obtained in 2016 were 
8.0 km for female mosquitoes and 3.7 km for males (Table 8). Among Ae. vexans, the 
lifetime MDT for females was 4.6 km, and that for males was similar at 3.8 km. Only Ae. 
vexans were recaptured within the first seven days of the study period in 2016, so initial 
flight capabilities were only calculated for this species. The 7-day MDT obtained was 3.9 
km for females and 4.0 km for males. Too few individuals were recaptured within 3 days 
following the final release to reliably calculate 3-day MDT values. 
Flight ranges were obtained from a regression of the cumulative corrected recapture 
data against the log-transformed distance (Di) of the annuli in which they were recaptured. 
For example, the potential lifetime flight ranges of 50% (FR50) and 90% (FR90) of female 
mosquitoes were estimated at 3.2 km and 15.5 km, respectively (Table 8). These were 
described by the regression equation of log (y) = 0.01704x - 0.34232. Potential lifetime 
flight ranges for all expected male recaptures were 1.8 km for 50%, and 7.9 km for 90% 
(Table 8). 
When data on recaptured Ae. vexans females were isolated from other recaptures, 
the potential lifetime FR50 value was 2.4 km, and 8.6 km for the FR90 (Table 8, Figure 15). 
When reduced to only recaptures obtained seven days after the final release, the FR50 and 
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Table 7. Example of correcting for unequal trap densities and calculating mean distance travelled (MDT) using all recaptured females from 




1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
 Sum 
   Inner radius (𝑎) 0.0 1.8 3.6 5.4 7.2 90. 10.8 12.6 14.4 16.2 18.0 19.8 21.6 23.4 25.2 27.0  
   Outer radius (𝑏) 1.8 3.6 5.4 7.2 9.0 10.8 12.6 14.4 16.2 18.0 19.8 21.6 23.4 25.2 27.0 28.8  
Distance  
(𝐷𝑖)  = (𝑎 + 𝑏)/2 
0.9 2.7 4.5 6.3 8.1 9.9 11.7 13.5 15.3 17.1 18.9 20.7 22.5 24.3 26.1 27.9  
Area (km2)  
=  𝜋(𝑏2 − 𝑎2) 
10.2 30.5 50.9 71.3 91.6 112.0 132.3 152.7 173.0 193.4 213.8 234.1 254.5 274.8 295.2 315.5 2290.2 
corrected for 
coverage (𝐴𝑖) 
4.1 12.4 20.6 28.9 37.1 45.4 53.7 61.9 70.2 78.4 86.7 94.9 103.2 111.4 119.7 128.0 𝑨𝑻 = 928.8 
Number of traps in 
𝐴𝑖 (𝑁𝑖) 
1 0.5 2.5 1 4 2 1 4 6 3 2 6 3 4 1 1 𝑵𝑻 = 41 
𝐶𝐹𝑖 = 𝐴𝑖 /𝐴𝑇 × 𝑁𝑡 0.16 0.48 0.80 1.12 1.44 1.76 2.08 2.40 2.72 3.04 3.36 3.68 4.00 4.32 4.64 4.96 41 
Observed recaptures 
(𝑂𝑅𝑖) 
25 10 15 0 12 1 0 0 0 1 0 0 0 0 1 0 65 
Expected recaptures 
(𝐸𝑅𝑖) 
4 10 5 0 4 1 0 0 0 1 0 0 0 0 5 0 𝑬𝑹𝑻 =  𝟐𝟗 
𝐸𝑅𝑇  ×  𝐷𝑖   3.6 2.59 21.6 0 35.0 8.7 0 0 0 17.3 0 0 0 0 121.2 0 233.5 
 




Table 8.  Summary of analyses to determine mean distance traveled (MDT) and flight 










MDT (km) FR50 (km) FR90 (km) 
All F Lifetime 65 29 8.0 3.2 15.5 
Ae. vexans F Lifetime 55 22 4.6 2.4 8.6 
Ae. vexans F 7-day 25 13 3.9 2.3 6.7 
Ae. vexans F 3-day 6 4 3.0 1.9 3.6 
        
All M Lifetime 14 4 3.7 1.8 7.9 
Ae. vexans M Lifetime 13 4 3.8 1.7 6.8 
Ae. vexans M 7-day 8 2 4.0 1.8 7.0 
Ae. vexans M 3-day 2 < 1 NA NA NA 
 
 
FR90 for female Ae. vexans was determined to be 2.3 km and 6.7 km, respectively 
(Table 8, Figure 15).  Estimates of flight ranges for male Ae. vexans were based on 
relatively few expected recaptures and were somewhat smaller than female flight ranges 
(Table 8). In all groups, FR50 (median distance travelled) was smaller than the MDT 
calculated.  
3.3.2 – Mark-release-recapture experiments of 2017 
Across the four releases in 2017 (using different marking dust colours), 28,923 
mosquitoes were marked, of which 192 were recaptured. Of these recaptures, 137 (71.4%) 
were female and 55 (28.6%) were male (Table 9).  Depending on release date and dust 
colour, the length of recapture period ranged between 27 and 11 days. The earliest (orange) 
release had the most successful recapture rate (2.88%), and recapture rates declined as 
shorter releases were carried out later in August.  
Unlike in 2016, no significant correlation was found between the number of wild 
mosquitoes captured and the number of marked mosquitoes recaptured (rτ = -1.6, p = 
0.110), nor were any correlations found when these data were divided into females (rτ = -
1.8, p = 0.080) or males (rτ = 1.1, p = 0.250). When divided into the individual releases by 
colour, the number of marked mosquitoes recaptured and the number of wild mosquitoes 
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captured were only correlated for the following groups: 1) males within the first (orange) 
release (rτ = 3.4, p < 0.001), 2) all recaptures within the last (blue) release (rτ = 2.0, p = 
.04937), and 3) males within the last (blue) release (rτ = 2.9, p > .01). All three of these 
groups had sample sizes below 20. 
Table 9. Summary of mosquito releases in 2017 by fluorescent marking dust colour. 
Number of marked mosquitoes was based on manual count. Summary of each individual 
release (by colour) can be found in Appendix X. The mean recapture rate x̄φ has been 
calculated with weightings proportional to each release. 
Release date AUGUST 1 AUGUST 8 AUGUST 14 AUGUST 17 










Total marked 1752 9500 5723 11948 28923 
Total recaptured 49 104 21 18 192 
% female 83.7 65.4 76.2 66.7 71.4 
% male 16.3 34.6 23.8 33.3 28.6 
Recapture rate (%) 2.88 1.09 0.37 0.15 x̄φ = 1.16 
Total trap nights 27 20 14 11  
 
Culiseta inornata (Williston, 1893) and Ae. vexans were the most common species 
recaptured at 38% and 35%, respectively (Table 10). These proportions did not mirror those 
seen in the species composition of the wild (unmarked) mosquitoes (n = 2,781) collected 
during the same period. In comparison to the wild mosquitoes, Cs. inornata were 
overrepresented among the recaptures and Ae. vexans were underrepresented. Eleven (11) 
species were identified among the recaptures; more than double the number of species 
identified in the recaptured cohort of 2016. 
The ratio of marked mosquitoes to wild mosquitoes in the trap collections was much 
lower in 2017, at roughly 1 to 47 for males, and 1 to 25 for females. Most traps collected 
fewer than 200 mosquitoes in total throughout the study period in August, with only trap 
#3 collecting more than 500 mosquitoes. Traps that recaptured marked mosquitoes 
frequently had marked to wild ratios less than 1:10. Trap #12 only collected 173 wild 




Figure 15.  Cumulative percentage of expected female Ae. vexans recaptures (ER) as a function of distance (back-
transformed from log-scale) from the release site in 2016. 
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Table 10. Species and sex breakdown of recaptured mosquitoes in 2017. Includes 
composition of wild (unmarked) mosquitoes (n = 2,781) for collections identified to species 
in full for the MRR period (August 1st to August 28th) for comparison. Percentages are 



















































































































72 67 12 10 9 6 5 3 3 3 1 1  192 
no. females 69 34 9 5 7 5 2 0 2 3 1 0  137 
no. males 3 33 3 5 2 1 3 3 1 0 0 1  55 
% of 
recaptures 
38 35 6 5 5 3 3 2 2 2 1 1   
% of wild 
captures 
11 66 3 5 1 1 3 1 4 2 1 1   
Recapture patterns varied temporally and spatially among releases in 2017. The two 
earliest releases (orange and yellow) were most successful in terms of recapture numbers 
and rate and most individuals were recaptured in irregular multi-day periods (Figure 16). 
All releases except for the first (orange) collected the majority (>50%) of their total 
recaptures within 7 days of release (Figure 16). More than 85% of all recaptures were 
obtained in the first two-week period (up to day 14) following each release, except for the 
first release (orange), in which more than 25% of all recaptures were obtained in the 3rd 
week (days 15 to 21). In all releases except for the last release (blue) no individuals were 
recaptured after August 22nd. Consolidation of standardized recaptures across all releases 
revealed that over 90% of all individuals were recaptured within the first two weeks 
following release (Figure 17). See Appendices X and XI for a daily breakdown of all 
recaptured mosquitoes. 
A total of 19 traps recaptured marked mosquitoes in 2017. Seven of these traps (#2, 
#3, #5, #8, #9, #11 and #14) were in areas shaded by trees, whereas the remaining 12 traps 





 Figure 16.  Daily breakdown of recaptured mosquitoes by day and release for 2017, 
ordered by color listed. Female individuals are indicated by red bars, male individuals are 
indicated by blue bars. The dashed line indicates the cumulative proportion of mosquitoes 
recaptured throughout the study period. Releases were on August 1st, 8th, 14th, and 17th. See 




Figure 17.  Combined time-series breakdown of recaptured mosquitoes for all releases in 2017 using standardized 
recapture data from each release. Female individuals are indicated by red bars, male individuals are indicated by blue 
bars. The dashed line indicates the cumulative proportion of mosquitoes recaptured throughout the study period. 
Vertical pointers indicate the end of the extent of the monitoring period for individual releases by colour (e.g., marked-
blue mosquitoes were released last, so were only recaptured for a period of 11 days. See appendix XII for raw data. 
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above grassy or herbaceous ground cover (trap #13 was on bare ground). The trap 
nearest to the release site (#1) did not recapture the greatest number of mosquitoes in 2017. 
Instead, the most recaptures occurred in trap #12, located 3.7 km SSW from the release 
site, recapturing 45 females (including 38 Cs. inornata specimens) and no males (Figure 
18). All release cohorts (distinguished by colour) were represented in this trap’s collection 
in proportions within 5% of their total proportions among all recaptured individuals. For 
example, 53% of mosquitoes recaptured at trap #12 were marked with yellow dust, and 
yellow-marked recaptures made up 54% of all recaptures. The traps in treed areas collected 
57% of all recaptured mosquitoes (110 individuals), including 81% of all Ae. vexans and 
61% of the Cs. inornata specimens not recaptured in trap #12.  If recaptures from trap #12 
are excluded, then the traps in treed areas collected 75% of all recaptured mosquitoes, 
despite representing only a third of the traps that collected marked mosquitoes. 
As in 2016, over 95% of all recaptured mosquitoes were trapped within 8 km of the 
release site (Figure 18). Of the seven individuals that dispersed further than 8 km, all were 
female apart from one male Ae. vexans recovered at trap #27 nearly 15 km from the release 
site. The maximum dispersal distance observed in the 2017 MRR experiments was 26.4 
km for one female Cq. perturbans individual, recaptured again in trap #50 – an observation 
identical to the record-holder in 2016. See Appendix XIII for a breakdown of recaptured 
marked mosquitoes by distance from release site. 
Trap #1 captured significantly fewer (3F/0M) mosquitoes than traps #2 (9F/10M) 
and #3 (15F/17M), which are both shaded by trees located within 1 km of the release site 
and within 250 m of a river (Figure 18). Traps #4 (treed, 6F/1M) and #5 (grassy, 5F/3M), 
located respectively 1.3 and 2 km from the release site but both only 150 m from the La 
Salle River, recaptured more than twice as many mosquitoes than trap #1. As in 2016, trap 
#11 (11F/14M), deployed in a private backyard facing the Red River, was among the traps 
with the most recaptures, being one of only four traps to recapture more than 15 
mosquitoes. Of the seven mosquitoes recaptured further than 6 km from the release site 
(across five traps, see Figure 19, 20), five of these recaptures were obtained in the three 




Figure 18. Recovery pattern of recaptured mosquitoes in 2017. Numbers near each trap 
marker denote the number of marked-recaptured females and males, respectively. Trap 
markers with no numbers recaptured zero marked mosquitoes. Annuli are separated by 2.0 





Figure 19. Number of recaptured female mosquitoes blocked by dispersal distance and time interval following release in 2017. 
Number of traps in each distance block is shown in legend. Note that mosquito counts are not standardized across releases, 




Figure 20. Number of recaptured male mosquitoes blocked by dispersal distance and time interval following release in 2017. 
Number of traps in each distance block is shown in legend. Note that mosquito counts are not standardized across releases, and 
the second cohort (yellow) is overrepresented in this figure.    
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The remaining two outliers were recaptured in traps #23 and #40, each deployed in 
residential backyards over 2 km from a river.  
The first release cohort (orange) had a total of 49 recaptured mosquitoes (Table 9). 
Of these, 19 and 16 were identified as Cs. inornata and Ae. vexans, respectively. Within 
the first three days following release, eight Cs. inornata (all female) were recaptured at an 
average of 2.9 km from the release site. The remainder (only one male) were recaptured 13 
to 20 days following release, at an average of 3.8 km from the release site. However, one 
female specimen was recaptured 12.7 km (trap #23) from the release site on day 20. When 
this outlier was excluded, the average recapture distance observed in Cs. inornata remained 
at 2.9 km. Nearly half of all Cs. inornata were recaptured at trap #12, located 3.7 km south 
of the release site. Among Ae. vexans recaptures, only three specimens (one male) were 
recovered within the first week of release (all on day 2), and all were collected in different 
traps between 3 and 5 km from the release site. The remaining 13 specimens (three male) 
were recaptured 8 to 20 days following release, at an average of 3.7 km from the release 
site. One female specimen was recaptured 21.0 km (in trap #40) from the release site on 
day 20. When this outlier was excluded, the average recapture distance was 2.6 km for all 
recaptured Ae. vexans. Recaptures of Ae. vexans were not concentrated at any trap in this 
cohort. 
A total of 104 marked mosquitoes were recovered from the second release cohort 
marked with yellow (Table 9), of which 32 specimens were identified as Cs. inornata and 
42 as Ae. vexans. All recaptured Cs. inornata were female, and only five were recaptured 
within the first three days following release, at traps located an average of 2.7 km from the 
release site. The remaining 27 specimens were recaptured 6 to 13 days after release, and 
18 of these were recaptured on day 13 at trap #12, 3.7 km from the release site. Of the 
recaptured Aedes vexans in the yellow cohort, over half (23 specimens) were male, but 
recapture trends were similar when compared to females.  Within the first 3 days following 
release, 20 Ae. vexans specimens were recaptured at an average of 2.6 km from the release 
site, or 1.9 km when a female outlier recaptured at 15.4 km (trap #28) on day 3 was 
excluded. The remainder were recaptured 4 to 13 days post-release and were collected an 
average of 2.0 km from the release site. Nearly a quarter of Ae. vexans (9 specimens) 
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recaptured from this cohort were collected at trap #2 (400 m from the release site). Another 
quarter (11 specimens) were recaptured at trap #3 (1 km from the release site). 
Additionally, two other females from this release were collected further than 10 km from 
the release site. These included one Cx. restuans¸ collected on day 3 at trap #28 with the 
outlier Ae. vexans above, and the Cq. perturbans specimen at trap #50, located 26.4 km 
from the release site and recovered only one day following release. 
Only 21 marked specimens were recovered from the third release cohort (pink) 
including 10 Cs. inornata (1 male) and four Ae. vexans (two males, two females). Nearly 
half of all specimens (10) were recaptured in the first three days, with the remainder having 
been recaptured after four to nine days following release. All recaptured Cs. inornata were 
collected at least four days post-release, at traps located an average of 2.7 km from the 
release site. Six Cs. inornata specimens were collected from trap #12, located 3.7 km from 
the release site. There were no recaptures in this cohort collected further than trap #12. 
Among Ae. vexans, recaptured adults in this cohort were evenly split between traps #3 and 
#11, 1.0 and 3.6 km from the release site, respectively. 
The results of the fourth release cohort (blue) were similar to the third: of 18 
recaptured specimens, 11 were Cs. inornata (one male) and 5 were Ae. vexans (four males). 
Over half of all specimens (11) were recaptured in the first three days, with the remainder 
having been recaptured after 5 to 10 days following release. Six Cs. inornata specimens 
were recovered within three days of release, at traps located an average of 2.5 km from the 
release site. Those Cs. inornata recaptured after this period were collected at traps located 
an average of 4.7 km from the release site, though one of them was a female outlier 
recovered on day 5 at trap #27, located 14.6 km from the release site. Similarly, the average 
distance for recovery of Ae. vexans in this cohort was 5.3 km, though an outlier was 
recaptured on day 7 at the same trap as the outlier described previously. See Appendix XIV 
for a complete list of all recaptured mosquitoes, recapture dates and trap locations. 
The prevailing wind direction and speed during the study period in 2017 was 
variable (Figure 21). Winds during week 1 of the first (orange) release (August 1 to 7) 
originated from the west and northerly direction. Relatively weak winds from the NNE 




Figure 21. Wind roses for the study period in 2017 (August 1 to 28), based on hourly wind 
data from all hours of the day (Environment Canada 2019). The length of radial spokes 






initiated. There were strong southerly winds and winds from the west during week 3 
(August 15 to 21), which gave way to predominantly southeasterly winds during the final 
week of the study (August 22 to 28). The average wind speed throughout the study period 
was lower than in 2016, at 2.9 m/s (SD = 1.8). There were significant differences in wind 
speed between time periods (Figure 22). During week 2, wind speed was higher on average 
in comparison to the other periods (Kruskal-Wallis, χ2(3) = 40.4, p < 0.0001, n = 642).  
Figure 22. Boxplot comparing wind speeds (measured at 10 m above ground) between 
different periods of the 2017 MRR experiment. Outliers are shown in blue. Weekly periods 
with the same letters do not have significantly different wind speeds (p > 0.05).  
 
Using 1.8 km annuli, the lifetime MDT calculated for mosquitoes of all species 
combined in the 2017 studies was 7.6 km for females and 4.3 km for males (Table 11). The 
lifetime FR50 and FR90 of all females was 1.5 km and 3.7 km, respectively. For Ae. vexans, 
females had a lifetime MDT of 7.5 km and a 7-day MDT value of 5.8 km. Similarly, a 7-
day MDT of 5.7 km was calculated for male Ae. vexans recaptures, with a lifetime MDT 
of 5 km. The FR50 for female Ae. vexans fell between 3.4 and 4.4 km, depending on the 
time interval (Table 11). The median flight range (FR50) for male Ae. vexans fell between 
2.4 and 4.4 km. The FR90 values determined for female Ae. vexans were over 14 km. Male 
Ae. vexans varied in their FR90, ranging from 5.1 to 16.1 km depending on the time interval. 
Too few male Cs. inornata were recaptured to perform analyses, but enough female 
Cs. inornata were recovered to estimate their lifetime MDT at 5.2 km, with a similar 7-day 
MDT of 5.3 km (Table 11). Their median flight range was determined to be between 1.8 
and 2.7 km, whereas their FR90 values were between 3.2 and 6.4 km. MDT and FR values 
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Table 11.  Summary of analyses to determine mean distance traveled (MDT) and flight ranges (FR) for 50% and 90% of recaptures in 2017, 
calculated using 1.8 km annuli with full data. Only groups with ≥10 observed recaptures were included.  





MDT (km) FR50 (km) FR90 (km) 
All F Lifetime 137 95 7.6 1.5 3.7 
All F 7-day 71 12 7.7 4.6 15.9 
All F 3-day 45 12 15.1 5.2 20.0 
Cs. inornata F Lifetime 69 13 5.2 2.4 5.7 
Cs. inornata F 7-day 30 5 5.3 2.7 6.4 
Cs. inornata F 3-day 18 3 4.0 1.8 3.2 
Ae. vexans F Lifetime 34 5 7.5 3.4 14.1 
Ae. vexans F 7-day 21 3 5.8 4.2 14.3 
Ae. vexans F 3-day 15 2 6.6 4.4 15.2 
All M Lifetime 55 6 4.3 4.4 15.8 
All M 7-day 39 4 4.7 4.1 13.9 
All M 3-day 25 2 3.0 2.6 6.3 
Ae. vexans M Lifetime 33 4 5.0 4.4 16.1 
Ae. vexans M 7-day 22 3 5.7 4.1 13.6 





Table 12.  Summary of analyses to determine mean distance traveled (MDT) and flight ranges (FR) for 50% and 90% of recaptures in 2017, 
calculated using 0.5 km annuli with only recaptures beyond 5 km (n = 7) removed. Only groups with ≥10 observed recaptures were included.  





MDT (km) FR50 (km) FR90 (km) 
All F Lifetime 131 455 3.3 2.5 5.1 
All F 7-day 67 231 3.2 2.7 6.1 
All F 3-day 42 154 3.3 2.8 6.6 
Cs. inornata F Lifetime  67 253 3.5 2.1 4.0 
Cs. inornata F 7-day 29 112 3.4 2.5 5.4 
Cs. inornata F 3-day 18 75 3.4 2.7 6.0 
Ae. vexans F Lifetime 32 98 2.9 3.0 7.9 
Ae. vexans F 7-day 20 63 2.9 3.4 10.0 
Ae. vexans F 3-day 14 41 2.8 3.8 12.6 
All M Lifetime 54 148 2.7 3.4 10.4 
All M 7-day 38 119 2.7 3.7 11.7 
All M 3-day 25 77 2.5 3.4 10.6 
Ae. vexans M Lifetime 32 84 2.8 3.2 9.4 
Ae. vexans M 7-day 21 67 2.8 3.3 9.8 
Ae. vexans M 3-day 15 51 2.8 3.2 8.9 
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from the 3-day period varied across all species and sexes, with values ranging from 3.2 to 
20 km. 
When MDT and FR were calculated using 0.5 km annuli, with the seven recaptures 
observed beyond 5 km eliminated, the MDT range for all the above groups was narrowed 
to values between 2.5 and 3.5 km (Table 12). The MDT values of female and male Ae. 
vexans obtained with this procedure were nearly identical regardless of time interval. 
Median flight ranges followed similar trends across all species, with FR50 values between 
2.1 and 3.8 km. The FR90 values determined were variable, but smaller in range (between 
4.0 and 12.6 km) in comparison to those calculated with 1.8 km annuli.  
3.4 – Discussion 
In 2016, fewer traps (only four) were operated within 5 km of the release site 
compared to 2017, with the intention for the experiment to function as a proof of concept. 
Mark-release-recapture experiments that seek to measure dispersal in excess of a few 
kilometers often suffer from very low recapture rates (Brust 1980; Bogojević et al. 2011). 
Therefore, the study in 2016 was designed to establish whether long distance dispersal by 
adult mosquitoes into urban areas could be adequately detected by an MRR experiment in 
this setting. The results from the 2016 MRR indicated that the procedure was suitable to 
measure dispersal, and so more traps were included in 2017. The experiments in 2017 were 
intended to increase precision of flight distance estimates and observe the directional 
dynamics of dispersal behaviour, and therefore included 10 more traps in the 5 km radius 
near the release site. As larvae, mosquitoes were obtained from different sources, and 
reared and released at different periods in the summer. This led to a difference in the species 
composition of marked mosquitoes between years, where in 2016 the floodplain mosquito 
Ae. vexans was most abundant among recaptures. While Ae. vexans was still present in 
appreciable numbers among the 2017 recaptures, the manner of procuring larvae from an 
artificial container habitat led to a greater diversity of mosquitoes being marked. As such, 
the results from these mark-release-recapture experiments between years cannot be directly 
compared and the implications of their findings will be discussed separately.  
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Finally, interpreting dispersal movements near urban centers with respect to wind 
should be done with caution as wind diversions created by buildings and other 
infrastructure may also muddle the influence of wind velocity. Therefore, in the present 
study, the variability in wind velocity and the possible role of wind in noteworthy recapture 
events shall be considered on a short-term basis later in the discussion, acknowledging the 
limitations of using wind data collected roughly 20 km from the release site.  
Dispersal behaviour 
Results from both years suggest that many Ae. vexans females fly upwards of 3 km 
within a few days following emergence, and have a lifetime flight range of at least 8 km, 
possibly up to 15 km. These results were generally in agreement with Brust's (1980) work 
on Ae. vexans in the same general area in 1976 and 1977, where adults flew to the edge of 
the 8 to 11 km trapping radius within three to five nights. Estimates of mean and maximum 
flight distances by all other literature with a focus on Ae. vexans dispersal (Table 1) were 
either surpassed (due to a limited trapping extent in these studies), or reasonably met within 
the range of several kilometers.  
While usually not addressed by others, we can also speculate from this study that 
males may also make long flights of distances matching those of females. Adults may have 
already mated at least once while confined to their rearing enclosures prior to release. It 
follows that males that can trail females towards other oviposition, feeding or resting sites 
would have a reproductive advantage by way of increased encounters with other newly 
emerged females at these locations. This adaptation would be more pronounced in urban 
or peri-urban areas like Winnipeg, where mosquito habitats are scattered across longer 
distances with less connectivity. 
In 2017, over half (n = 38) of the marked female Cs. inornata recaptured were 
observed at a single trap (#12) located 3.7 km south of the release site. The reported MDT 
values for Cs. inornata are heavily biased toward this trap, which was located on a small 
farm with a several dozen animals, mostly sheep and horses. Since all Cs. inornata 
collected at this location were female, they were likely attracted by the odours produced 
by these animals. The distance covered in this dispersal, coupled with the lack of tree or 
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forest shelter present in a direct path from the release site, suggests that female Cs. inornata 
would have needed to either fly upwind to locate these hosts, or to have used a sheltered 
corridor. Dispersal within a sheltered corridor, such as the trees surrounding the banks of 
the La Salle River (1.3 km away from trap #12) or Red River (2.5 km away from trap #12), 
would decrease the risk of desiccation than if they were to travel in open areas.  
Indeed, Cs. inornata made up half of the eight recaptures obtained from the trap 
located near La Salle (#5), which was equidistant from both trap #12 and the release site. 
An analysis of wind velocity trends in the 24 hours prior to each recapture event at trap 
#12, indicated that both upwind flight and use of the La Salle as a corridor are plausible. 
Winds originating from either the south or west (often both) were most common prior to 
over 85% of recapture events, whereas winds originating from the north, which could have 
carried the mosquitoes passively, were only present prior to less than 20% of Cs. inornata 
recapture occurrences at this trap, and at average speeds (~2.5 m/s). During the period of 
August 20th and 21st, in which 28 female Cs. inornata were recaptured at trap #12, strong 
westerly winds (>5 m/s) could have carried them away from their refuge in the foliage near 
La Salle. Relatively weaker (~2.5 m/s) winds from the south and south-west that followed 
could have allowed them to detect host emanations within a close enough range for them 
to modulate their navigation upwind. Strong south winds exceeding 5 m/s on August 19th 
and 20th may have also contributed to the collection of two Cs. inornata in traps #23 and 
#27 on August 21st.  
Insights on Cs. inornata from the 2017 studies revealed more about their host 
preference rather than dispersal ability. Nevertheless, this species’ ability to disperse 
several kilometers in the first few days following emergence was demonstrated.  
 Too few Cq. perturbans were recaptured to allow for precise analysis and 
discussion of their dispersal capabilities. However, it is noteworthy that during both years, 
a single marked individual appeared in trap #50, 26.4 km north from the release site. 
Contamination at this location is unlikely, given that the pre-release monitoring found no 
false positives and that the specimens were marked with different dust colours. While the 
2016 specimen appeared 11 days following the final release and may have made this 
journey at an unremarkable pace, the 2017 far-reaching specimen was recovered only one 
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day following its release. The climate record’s data for the evening preceding this recapture 
on August 9th show winds originating from a generally east or north-easterly direction, at 
speeds of up to 8 m/s. It is possible from this observation that Cq. perturbans can fly 
upwind against moderate breezes. We can also speculate from the other Cq. perturbans 
recaptured in these studies that they are competent long-distance fliers, commonly with 
flight ranges exceeding 3 km, supporting the findings of Horsfall (1955), and Verdonschot 
and Besse-Lototskaya (2014). To the best of our knowledge, this is the first MRR 
experiment to measure dispersal distances in Cs. inornata or Cq. perturbans. 
Male mosquitoes  
It is also worth noting that many male mosquitoes of different species were 
recaptured more than 10 days following their release, which is commonly reported to be 
the upper lifespan limit for a male mosquito. However, results from both years suggest that 
this may not be true for all mosquitoes and that some male mosquito species in northern 
temperate regions may survive longer than those in southern latitudes. There is some 
precedent for this claim among other MRR studies (Stage et al. 1937). In 2016, there were 
5 male specimens (4 Ae. vexans, 1 unknown) recaptured either 19 or 23 median days 
following their release (specimens 58, 59 and 68, 74 75, respectively; see Appendix IX). 
Three of these specimens were recaptured at the trap closest to the release site, but the other 
two were found at traps either 3.6 (#11) or 7.8 km (#52) from this point.  
An additional 14 long-lived male specimens were observed in 2017. All were 
recaptured 10 to 20 days following their release, at various distances up to 3.6 km. Among 
these were ten male Ae. vexans individuals marked with either yellow or orange dusts, all 
with only one or two visible dust particles on variable body parts including the wing, 
abdomen, and tibiae. Other species also observed to have apparently long-lived males in 
2017 were Cx. restuans, Cs. inornata, Anopheles earlei Vargas, 1943 and Aedes cinereus 
Meigen, 1818, with one individual each. Notably, the single male Cx. restuans specimen 
(#133; see Appendix XIV) had extensive dust coverage (>100 particles) and had been 
recaptured 400 m from the release site (trap #2) after 12 days following release. The dust 
coverage was unusual (Figure 23) and suggested that the individual may have been marked 
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Figure 23. Images of three marked mosquitoes taken with a microscope in dark-field equipped with a UV light source. Each indicates 
the extent of dust coverage (by number of visible dust particles). Numbers correspond to a specimen IDs in Appendix XIV. 
      
     
≥ 100 
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more recently than 12 days prior, assuming that most marks are lost in flight in the days 
following release.   
Indeed, out of all mosquito specimens recaptured in 2017 regardless of species or 
sex, only eight had ≥10 dust particles visible on their bodies. Of these eight, all were 
recaptured within 3 km of the release site and five of them were recaptured less than 3 days 
following release. The only other mosquito in the 2017 dataset with extensive dust 
coverage comparable to the male Cx. restuans individual named above was another male 
(Cs. inornata) recaptured in the same trap (#2) only 3 days following release. A look at 
patterns in dust coverage (Table 13) reveals a clear trend: On average, recaptured 
specimens with 3 or more visible dust particles were more likely to be male than the 
average recaptured individual and tended to be recaptured closer to the release site.  
This could suggest that males remained at their site of emergence longer than females on 
average, which allowed them to be remarked more than once by possible residual dust on 
the surrounding vegetation in the days after release. Slow movement away from breeding 
areas has previously been observed in male Ae. vexans in the Lower Columbia River in the 
western United States, where males were also observed to survive up to 24 days after their 
habitat was marked by a aerosolized stain (Stage et al. 1937). Alternatively, the greater 
number of dust particles may not be due to residual dust around the release site, but simply 
due to the decrease in activity (which would result in less dust lost) that is implied by 
remaining closer to the emergence site. Additionally, it is important to note that 1) the 
relative species diversity (expressed as number of species observed per specimens 
recaptured) was much higher among mosquitoes with greater than two visible dust 
particles, and 2) the greater the number of days elapsed following release, the greater the 
diversity of species recaptured (Table 13). This supports the idea that despite measures to 
prevent contamination at the release site (rinsing enclosures and use of tarpaulins to contain 
dust), mosquitoes of many different species present at or immigrating to the release site 
may have marked themselves after releases had occurred. 
As expected, mosquitoes with fewer visible dust particles were more likely to have 
flown further than those with a greater number of dust particles (Table 13). This suggests 
that mosquitoes lose much of their dust particles in flight after an average dispersal distance 
of 4.4 km from their site of emergence. This supports my claim that the dispersal distances  
97 
 
Table 13. Summary of dust coverage on recaptured mosquitoes in 2017. The total number of species observed is shown in parentheses 
next to the number of species observed per number of specimens captured. 
# of visible 
dust particles 
Individuals (%) 
Average # of days following 
release before recapture 
Average distance 
at recapture (km) 
Males (%) 
Species observed per 
specimens recaptured 
≥100 2 (1%) 7.5 0.4 100 1.00 (2) 
26 to 99 0      
10 to 25 6 (3%) 4.4 1.4 50 0.67 (2) 
5 to 9 7 (4%) 5.3 1.3 43 0.43 (3) 
3 to 4 10 (5%) 6.3 3.1 40 0.30 (3) 
2 22 (11%) 7.1 2.7 14 0.32 (7) 
1 145 (76%) 8.2 3.4 28 0.07 (10) 
Total 192  7.8 3.1 29 0.06 (11) 
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reported in this study are likely legitimate and not an artifact of contamination. However, 
given the trends reported above, this may not be true of the lifespans implied by the 
recaptured mosquito data. Nevertheless, some of these male specimens may be legitimately 
as old as they were inferred to be, and this may be influential for their reproductive 
potential. 
From this issue of potential contamination by residual dust at the release site emerges an 
interesting methodological approach with respect to measuring dispersal distance and 
direction. So long as the age of the mosquito is not of interest, dispersal can be estimated 
by a more passive MRR procedure where a known natural larval habitat is treated with a 
large volume of stain or fluorescent dusts, as in Stage et al. (1937). As mosquitoes emerge 
from their larval habitats, they may be able to rest on the surrounding vegetation and self-
mark. Use of different colours would enable a maximum age range to be estimated if 
desired. This may save resources with respect to rearing procedures.  
Influence of Wind 
 Apart from the apparent dispersal events of interest described previously, I was not 
able to observe any clear influence of wind velocity in the days prior to recapture; the 
locations of recaptures relative to the release site did not correlate with wind direction or 
speed for any recaptures obtained 1-3 days following their release. From these results, it 
seems more likely that landscape features promoting shade and higher air moisture are 
more influential in guiding the movements of mosquitoes. In 2016, traps #11 and 13 were 
both approximately 4 km north of the release site, within 2 km one another. However, trap 
#11, located in a forested backyard overlooking the bank of the Red River, collected over 
four times as many recaptures as trap #13, which was in a shallow ditch adjacent to a garden 
center greenhouse in a relatively open area. The same year, trap #52, also near the Red 
River, recaptured 15 marked mosquitoes, whereas many traps an equal or shorter distance 
from the release site (i.e., traps #15, 17, 18 and 19), but further from a river, recaptured 
none. Nevertheless, trap placement may also be important, as with trap #52, where trap #16 





Environmental drivers of dispersal 
 In 2017, traps in shaded and riparian areas generally captured more marked 
mosquitoes than other traps in more open and presumed drier areas or areas with lower 
humidity levels. While most traps within a 4 km radius of the release site were in or near 
shaded or riparian areas, the two traps (#7 and 10) that captured the fewest mosquitoes (2 
and 3, respectively) were also in “islands” – areas with no connectivity to vegetated areas. 
It should also be noted that while the trap closest to the release site (#1) in 2016 collected 
34 marked specimens, it only collected 3 specimens in 2017. However, trap #2 (not 
deployed in 2016) only 200 m away from #1, but located in a forested area on private 
property, collected 19 specimens. This gives further support to the hypothesis that 
mosquitoes show active dispersal towards areas of greater shade and relative humidity.  
Rivers also do not appear to be deterrents to dispersal, as many mosquitoes were 
recaptured on the opposite side of the Red River (an open distance of approximately 140 
to 150 m) and other streams like the Assiniboine River relative to the release site. Traps #8 
and 9, located approximately roughly 400 m apart on opposing banks of the Red River, 
recaptured similar numbers of marked mosquitoes. Of the seven mosquitoes recaptured 
further than 8 km, all were recovered in traps either close (< 1 km) to riverbanks or in 
shaded areas. However, as trap collection volumes are sensitive to microclimate and local 
topography, observations of individual mosquito recaptures at this distance should not be 
interpreted with too much certainty. 
Implication for mosquito control buffer zone 
The observed movements from MRR collections from both years confirm that 
many common species in the Winnipeg region can disperse several kilometres from the 
southern edge of the city limits into more urban residential areas. These findings show that 
mosquitoes commonly disperse at least 2 km from their release site, if not 5 km or further. 
Since flight distances approaching or exceeding 10 km were uncommonly observed in the 
2017 studies, the current radius of the buffer zone (8 to 12 km, usually less than 10 km) 
appears to be reasonable. In agreement with the recommendations of Sarnekis (2002), and 
Verdonschot and Besse-Lototskaya (2014), clearing open areas or breaks in vegetated 
corridors would decrease dispersal from breeding areas to residential areas. While it would 
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be unadvisable to fragment forested corridors surrounding the city which are important to 
the functioning of nearby ecosystems and agriculture, deployment of traps in these areas 
could benefit surveillance and control operations.  
Limitations 
Dispersal distances reported here should be applied conservatively with respect to 
control decisions. As pointed out by Trewin et al. (2019), describing movement with MDT, 
and FR50 and FR90, assumes dispersal to be a discrete, linear distance and requires removal 
of recaptured individuals from the population. When these methods assume that recaptures 
would have made no further movement, they most certainly underestimate dispersal. 
Additionally, true dispersal distances may be underestimated further due to relatively 
stressful release conditions, wherein mosquitoes were kept in crowded enclosures, and 
dusted and released during the day rather than at night when their active dispersal is most 
significant (Morris et al. 1991). Conversely, females that are kept in crowded enclosures 
prior to release may disperse further than those not as confined, as has been observed in 
Aedes (Ochlerotatus) taeniorhynchus (Wiedemann, 1821), though this behaviour was not 
seen in Culex mosquitoes (Nayar and Sauerman 1969; Nayar and Sauerman 1973).  
Meteorological variation may also affect flight ranges: since 2017 was particularly dry 
year, flight ranges may be larger when conditions are more humid and open areas more 
tolerable for adult mosquitoes.  
It should also be recognized that “traditional” methods of dispersal metrics such as 
MDT and flight range are highly variable when recapture distributions are positively 
skewed and have long tails (Winskill et al. 2015), as is the case in these outcomes. Analysis 
of recapture data where outliers are removed, and smaller annuli are used for greater 
precision would assist in determining if the influence of outliers is inflating dispersal 
estimates. When 1.8 km annuli were used for analysis, MDT values for females were 
consistently larger than their FR50 values (mathematically the median distance travelled), 
indicating outsized influence of a few outliers. Those for males were more alike, which is 
expected given that only one outlier was identified as male. While all MDT values 
calculated with 1.8 km annuli are larger than those obtained with 0.5 km annuli, the latter 
still consistently exceed 3 km. Additionally, the flight ranges within which 50% and 90% 
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of all insects are expected to disperse were reasonably similar across both analyses, despite 
being derived exclusively by extrapolation in the analysis using 0.5 km annuli. No 
consistent trends across species were found to suggest that mosquitoes cover greater ranges 
as they age than in the first seven days following emergence, regardless of annuli spacing. 
However, it is advisable to isolate and analyse data with consideration for differences in 
time spent dispersing, as these results demonstrate that appreciable mosquito dispersal 
activity is still occurring two to three weeks following their release. 
It may be that traps with greater recapture numbers were situated in areas where 
there was a greater likelihood of trapping mosquitoes. This may be explained by kineses 
that governs mosquito movement, where certain stimuli may drive the mosquito to increase 
its speed and rate of turning. However, it is difficult to determine the exact influence of 
trap placement and what sort of environmental traits would provide this stimuli. As such, 
it is more prudent to interpret trap collections as measures of mosquito activity, rather than 
mosquito abundance. 
Finally, I conclude with a discussion of the best practices for mosquito MRR studies 
in the future, in particular those seeking to measure dispersal across a relatively large 
landscape. Brust (1980) stated that “to trap adults beyond 12 km, it appears that more than 
one million adults need to be marked and released at one time”. However, these findings 
suggest that this may be unnecessary, as recapture numbers roughly equal or greater than 
those of Brust were obtained with 50,000 or fewer mosquitoes released. While more 
mosquitoes may be preferable if large samples of recaptured mosquitoes are desired, this 
is not necessary because strategic trap placement appears to be more important in 
measuring long-range dispersal. It is not so much the number of released mosquitoes that 
matters, but the amount of recapture effort. 
If one were to repeat this experiment, it would be advisable to deploy more NJLTs 
to increase trapping effort, especially at greater distances from the release site. 
Additionally, if it is unfeasible to place traps to surround the release site such that they are 
present in all directions, it would be desirable to use more than one release site. Here, we 
employed only one release site and found that it was difficult to accommodate traps in the 
more rural parts of the trapping radius. This meant that more traps represented the northern, 
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more urban portion of the trapping radius, rendering it unclear whether mosquitoes 
preferentially fly great distances into urban areas over rural areas. 
In addition, one may want to consider the ethical ramifications of releasing more 
mosquitoes than necessary, even if they do not carry known pathogens. Most MRR 
experiments result in a net reduction of mosquitoes because of an increase in trapping 
efforts (Benedict et al. 2018). But in 2017, a greater number of female mosquitoes were 
released than were recaptured. In fact, in 75 out of 93 (80%) recapture events (unique trap 
and day), traps collections would consist of 20% or more marked mosquitoes. In 31 of 
these instances, 100% of the sample consisted of recaptures (mostly single individuals, 
though several examples where the sample consisted of 2-5 specimens were observed). It 
is not understood if or how lower mosquito population density could affect the dispersal 
behaviors measured here. Future MRR experiments should avoid taking place during very 
dry conditions. 
Webb and Russell (2019) noted that an operator failure to identify some marked 
and recaptured mosquitoes could result in underestimated dispersal distances. This may be 
true of our study: marked mosquitoes were found to have more fluorescent dust visible 
when viewed under a microscope in dark field with fluorescence illumination (used to 
photograph marked specimens, see Figure 23) than when viewed with the compound 
microscope set-up used to identify them initially. This implies that some marked 
mosquitoes whose dust markings were undetectable during initial processing, whether due 
to initial coverage or loss because of dispersal, may have been missed. We echo their 
recommendation that recaptured specimens should be closely inspected with the best 
resources available. This can be very challenging when many thousands of adults must be 
examined in such studies and as recapture rates are generally low it is necessary to examine 
as many individuals as possible to establish movement patterns.  
It would also be best practice to retain some marked adults from at least one 
enclosure per release. One could use these specimens to assess the extent of dust coverage 
from the method used here. These could also be used to determine the extent of within-trap 
dust transfer (and maybe loss) onto bycatch, giving false negatives, or onto unmarked 
mosquitoes, giving false positives if wild mosquitoes are marked. A separate study 
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focusing on the questions of dust retention and transfer would clarify the effectiveness of 
the marking procedures used.  
A collection of marked adults could also inform the species composition of released 
adults as a representative sample of the release cohorts and corroborate the recapture 
results. Differences in the species composition of the recaptures between years, particularly 
the appearance of Cs. inornata in the 2017 recaptures, can be attributed to the origin of the 
field-caught larvae (not taken from a floodplain as in 2016). However, the plausibility that 
all marked specimens in 2017 were reared from the simulated environment in the rearing 
pools is dubious, as some species are purported to require specialized environments to 
either oviposit or survive to adulthood. Additionally, the number of apparently long-lived 
males, as well as the trend of relative species diversity increasing with greater dust 
coverage at recapture supports the hypothesis that mosquitoes may be self-marking at the 
release site after marking procedures have ended. We recommend future MRR studies 
prioritize the collection of larval samples from rearing pools, ideally rearing them to 
adulthood for more accurate identification. This would provide evidence for the origin of 
the recaptured mosquitoes.  
As I conclude this chapter, I will address the presence of two species among the 
recaptured specimens that may be unusual. Coquillettidia perturbans was recaptured 
during both 2016 (7 specimens) and 2017 (11 specimens) and are typically associated with 
the cattails or rushes (Typha latifolia L. and Juncus L. spp.) to which they attach their larval 
siphons in order to breathe (Sérandour et al. 2010; Poirier and Berry 2011). To our 
knowledge, neither of these plants were present in the rearing enclosures. However, there 
are many ditches within several kilometers that host high densities these species. It may be 
that Cq. perturbans, as well as other species such as Ae. vexans, that do not readily oviposit 
in artificial containers, were incidentally marked while resting in the nearby grass either 
during or after the mark and release procedures. In 2017, details about the location and 
level of dust coverage on each recaptured mosquito were recorded. The majority (75%) 
presented with only one visible particle of dust, most commonly (30%) seen on one of the 
wings. While incidental marking of other species present at the release site may be 
occurring, if this were the case, we would expect that these would show a consistent 
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marking pattern. However, no specific trends in the locations of dust markings between 
recaptured specimens could be identified.  
 It is also possible that under certain conditions they can use less-than-ideal 
environments for oviposition and larval development. Similarly, Ae. vexans are known to 
lay their eggs singly above the waterline on damp soils and require flooding to hatch 
(O’Malley 1990). While the Ae. vexans were collected from a flooded area in 2016, their 
prominent appearance in the marked recaptures in 2017 suggests they may be able to 
oviposit on standing water or already-waterlogged soils when conditions are dry, as has 
been speculated in Headlee (1945). This flexibility would lend credence to their persistence 
in the Winnipeg region and elsewhere. Alternatively, as was suggested for Cq. perturbans¸ 
the presence of Ae. vexans in traps may reflect specimens incidentally marked while resting 
in the nearby grass either during or after the mark and release procedures. 
105 
 
CHAPTER 4 – SPATIAL DISTRIBUTION MODELLING 
 
Title: Modelling of adult mosquito distribution in the Winnipeg region using Random 
Forest regression 
4.0 – Abstract 
Background: Successful suppression of mosquito populations is often challenging in 
urban areas due to the ubiquity of cryptic habitats and high spatial heterogeneity. 
Generalized insecticidal treatment regimes may be a non-economical use of resources by 
mosquito control practitioners if they do not prioritize areas where mosquito population 
are likely to be densest. Distribution models developed using data from mosquito 
surveillance traps and landscape-level variables can provide insight into mosquito 
movement and areas of refuge. The models developed in this study are intended to 
characterize mosquito distribution in the Winnipeg, Manitoba region in central Canada for 
the purpose of optimizing municipal mosquito control measures.  
Methods: Nine consecutive years of data from 28 New Jersey light traps were used to 
model mosquito distribution in unsampled areas. Explanatory variables related to the 
physical landscape were obtained from Sentinel-2 satellite imagery. These were used to 
characterize trap environments and to subsequently explain spatial variation on a species-
by-species basis using Random Forest (RF) regression models.   
Results: Random Forest models explained 31 to 57% of the variance observed between 
traps. Risk maps produced by the models showed high concentrations of Aedes vexans and 
Culex restuans clustered within riparian areas closest to rivers. Conversely, population 
hotspots for Culex tarsalis were located near or beyond city limits. 
Conclusions: Predicted distributions for Ae. vexans and Cx. tarsalis populations reflect 
their reproductive behaviours and require separate strategies for abatement. Implications 
of these findings with respect to the potential efficacy of maintained mosquito surveillance 
efforts within a 10 km buffer size surrounding urban city limits are also discussed. 
Keywords: species distribution modelling, mosquito nuisance, buffer zone, Culicidae, 
Aedes vexans, Culex tarsalis, Random Forest 
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4.1 – Introduction 
 The nuisance and threat of pathogen transmission posed by vectors such as 
mosquitoes has long been recognized as a spatial problem (Ostfeld et al. 2005). While 
swamps and other damp wilderness areas come to mind as typical mosquito habitats, their 
populations persist wherever they find the physical or biological conditions to survive. This 
is especially true of cities, where urban infrastructure, residences, and vegetation form a 
complex mosaic of cryptic but suitable habitats. Most mosquito abatement programs follow 
principles of Integrated Pest Management (IPM) and work pre-emptively to prevent the 
development of elevated mosquito populations. However, the heterogeneity of urban 
environments often limits the number of larval habitats that can be removed or treated. 
When flooded with rain, catch basins, uneven pavement, and personal household effects 
(like flowerpots and rain barrels) create inconspicuous and predator-less habitats for 
mosquito larvae.  
While it is more advisable to focus abatement on mosquitoes in their larval stage 
than as adults, this is often difficult to achieve in urban areas given the ubiquity of cryptic 
larval habitats. Consequently, many municipalities employ mass application of insecticides 
by way of ultra-low volume (ULV) aerosol sprays that kill adult mosquitoes in flight upon 
contact (US Environmental Protection Agency 2017). However, these generalized 
treatment regimes are often controversial among citizens because of potential human and 
environmental health risks (Roche 2002). In the interests of municipal IMM practitioners 
and residential stakeholders alike, the use of adulticides (by ULV applications or other 
means) should be optimized such that areas with the greatest risk of elevated mosquito 
populations are prioritized for treatment.  
Historically, counts from mosquito traps have been a standard measure of mosquito 
activity used in IMM surveillance programs. Increasingly, practitioners are coupling this 
information with spatial data to improve the specificity of their insecticide applications. 
The emergence of remote sensing and geographic information systems technologies (GIS) 
have enabled their efforts to disentangle the influence of environmental features on 
mosquito populations. To this end, many have modeled the spatial relationships between 
mosquitoes and their surroundings to better understand their ecology and behaviour. 
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Models for mosquito distribution are often projected onto maps of the study area, which 
can allow users to visualize the “risk” of encountering abundant mosquito populations in 
unsampled areas (Kitron 2000; Chuang, Henebry, et al. 2012; Ong et al. 2018). The 
resulting risk maps are similar to species distribution maps produced in conservation 
studies (Mi et al. 2017; Westwood et al. 2019). They may show the precise location of 
potential mosquito “hotspots”, or areas of greater mosquito density, which can then be 
targeted to improve the efficacy and efficiency of mosquito control measures. 
This study was focused on the development of mosquito distribution models for 
four prevalent mosquito species in the Winnipeg region in central Canada: Aedes vexans 
(Meigen, 1830), Culex tarsalis Coquillett, 1896, Culex restuans Theobald, 1901, and Aedes 
(Ochlerotatus) dorsalis (Meigen, 1830). In the province of Manitoba, where Winnipeg is 
located, the mosquito has been jokingly referred to as the “provincial bird”. As part of their 
IMM strategy to suppress mosquito populations, the city’s municipal insect control branch 
(ICB) extends their surveillance and treatment operations beyond the city limits by 8 to 12 
km. However, scientific support for the effectiveness of control measures in the buffer zone 
around the urban area is limited. Subsequently, it is relevant to ask if the resources used to 
maintain buffer zone control activities are cost effective. In other words, do mosquitoes 
outside of city limits contribute significantly to nuisance or transmission risk within the 
urban area? While the applicability of this knowledge in Winnipeg is mainly in the 
abatement of nuisance mosquitoes, it may also be important in preventing the future 
establishment of invasive mosquito species and any potential pathogens they may spread. 
Among studies of mosquito habitats, there are often consistent patterns observed in 
the spatial distribution of mosquito species such as Ae. vexans and Cx. tarsalis. Most 
studies have shown that Ae. vexans prefer to use understory vegetation (Bidlingmayer 
1971; Mullen 1971; Burkett-Cadena et al. 2013) and wetlands (Moncayo et al. 2000; 
Trawinski and Mackay 2010; Giordano et al. 2018) over other habitat types. Populations 
of Cx. tarsalis have been often found to have an affinity for drier areas, such as grassy or 
cultivated land (Diuk-Wasser et al. 2006; Nielsen et al. 2008; Chuang et al. 2011; Yoo et 
al. 2016). It is tempting to extrapolate the results of these studies in other regions with the 
same species, but this is inadvisable given the variation in spatial or temporal distribution 
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across studies. For example, findings that suggest opposite habitat preferences for both 
mosquitoes species previously mentioned are also present in the literature (Diuk-Wasser et 
al. 2006; Giordano et al. 2018). As mosquito population distributions vary depending on 
the specific geographic characteristics of each locality, as well as the period of study, 
models must be tailored to the areas where the data used to develop them were collected 
(Sallam, Fizer, et al. 2017).  
When developing models to predict future mosquito distribution, climatic or 
meteorological data are often used as explanatory variables (Kolivras 2006; Chuang et al. 
2011). While these factors do indeed contribute to the distribution of mosquito populations 
(Kovats et al. 2001), the spatial extent represented by each measurement is often too large 
for use in high-resolution models, which are necessary for characterization of urban areas. 
Given this limitation, the objective of this study was to model mosquito distribution in the 
Winnipeg region using only landscape-based variables. These included land use and/or 
land cover (LULC) classes and other metrics such as vegetation and wetness indices that 
were used to describe heterogeneity within a geographic extent. I hypothesized that 
mosquito distributions would reflect species-specific reproduction and feeding adaptations.  
The goal in developing models was to determine which variables are most 
influential in providing mosquito habitat for each species in question. This information was 
then used to derive risk maps, which could be used to specify locations are most likely to 
harbour elevated mosquito populations and contribute to nuisance and potential pathogen 
transmission. As the study extent also encompassed the rural area around Winnipeg, the 
models were also used to predict mosquito distribution in areas outside of the city. This 
enabled an assessment of the potential efficacy of the buffer control zone around the city 
in suppressing mosquito populations. Lastly, given the wide variety of methodological 
approaches used to model mosquito distribution, I hope to present the following methods 




4.2 – Methods 
4.2.1 – Study site 
Data from the Winnipeg ICB archival mosquito surveillance records were obtained 
for City of Winnipeg and the surrounding region in Manitoba, Canada. See 3.2.1 for a 
description of this study area. 
4.2.2. – Mosquito data 
A summary of the data extraction procedure is described in Figure 24. Archival 
mosquito surveillance data were obtained from the City of Winnipeg ICB, which had 
digitized records of New Jersey Light Trap (NJLT) collections from 1991 to 2017. Across 
these 27 years, 61 individual trap locations were used although many did not operate 
concurrently, or for more than a few consecutive years. Traps with fewer than 4 consecutive 
years of monitoring were eliminated from the dataset, leaving 37 traps, though these did 
not all operate concurrently between 1991 and 2017. The dataset was then reduced to 
optimize for the greatest number of traps which were concurrently operating for the longest 
consecutive-year period. The final mosquito activity dataset encompassed the collections 
from 28 NJLTs that operated over a 9-year period from 2007 to 2015 (Figure 25). This 
dataset also included the numbers of female mosquitoes for several dominant species of 
interest for each collection event. From 2007 to 2014, total numbers of female Ae. vexans, 
Cx. tarsalis, Cx. restuans and Ae. dorsalis were recorded. In 2015, Ae. dorsalis were no 
longer being identified in each collection, having been replaced by Coquillettidia 
perturbans (Walker, 1856) as a species of interest. Once per week, ICB staff would identify 
all female mosquitoes to species, but species other than those listed above almost always 




Figure 24. Workflow summary for generating species-specific mosquito risk maps in the Winnipeg, MB region. Blue items 
indicate data sources or products. Data processing steps are shown in green. Explanatory variables are shown in light grey 




Figure 25. Locations of the 28 New Jersey light traps (NJLTs) operating concurrently from 2007 to 2015.
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Within the final dataset, the frequency of collection varied according to the 
mosquito volume observed throughout individual seasons, as well as year to year. During 
certain years, collections were processed 7 days a week, whereas other years never 
exceeded 5 days per week. During the early and late periods of the season (i.e., May, 
September, October), it is not uncommon for collections to be processed only every 2 to 4 
days (up to a maximum of 6 days). As such, the mosquito numbers recorded for each 
collection event were standardized to reflect numbers collected on a per-day basis. This 
was done by dividing the number of mosquitoes collected during each collection event by 
the number of trap nights elapsed since the previous collection event. Standardized 
collection events for each trap were then replicated according to the number of trap nights 
elapsed since the trap was last emptied. This was to ensure that collection events 
contributed proportionally to the number of trap nights they were active. To better capture 
general trends in activity throughout a typical mosquito season, collection events were 
excluded from the final dataset if they were recorded earlier than May 1st or later than 
September 31st.  
Multi-year surveillance datasets (>5 years) from mosquito traps are rare in spatial 
modelling studies. When multi-year data are utilized usually some form of standardizing 
approach is often used when comparing mosquito counts across traps with differential 
trapping efforts (DeMets et al. 2020; Giordano et al. 2020).  Arithmetic means are also 
sometimes employed as representative values for mosquito activity at a given locale 
(Chuang et al. 2011; Chuang, Henebry, et al. 2012). However, given that mosquito numbers 
may vary from year to year by multiple orders of magnitude (dependent on climatic 
conditions), calculating the arithmetic average of trap numbers from all years can lead to 
an inaccurate method of obtaining a representative value of a locality’s mosquito activity 
(McNichol 2018). The method of calculating a representative value for mosquito activity 
must be robust to outliers to reduce the bias from years where seasonal variation allowed 
for generally sparser or denser populations overall. Therefore, I devised a standardizing 
procedure to calculate two different values; a trap index (TI) and a harmonic mean (HM), 
which are meant to represent mosquito activity at each trap location irrespective of yearly 
variation. Both TI and HM were calculated and used in separate analyses for each of Ae. 
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vexans (N = 609,692), Cx. tarsalis (N = 14,608), Cx. restuans (N = 10,100), and Ae. 
dorsalis (N = 3,743).  
Trap indices (TIs) were derived from individual trap collection events (𝑥𝑖,𝑗) 
weighted using the reciprocal of the total number of mosquitoes collected (𝑤) during the 
year (𝑗) of the collection event (𝑖) for a given trap (𝑥). This allowed for standardization of 
counts from collection events such that they expressed proportions of the total number of 
mosquitoes trapped each year, rather than absolute numbers. To obtain TI, these 
standardized values were summed for an individual trap over all years and then multiplied 
by the mean yearly total for all traps (?̄?𝑤), as in the following formula: 









The harmonic mean (HM) of each trap’s total yearly counts was also generated as 
another representative measure of trap numbers. Harmonic means are often employed 
when finding the average of a set of rates or ratios where both the numerator and 
denominators are variable. As such, the HM accommodates two dimensions of 
multiplicative relationships (Manikandan 2011) and is more suited to generalizing the 
datasets with lognormal (left-skewed) distributions and large outliers that are common in 
ecological datasets (Karlin 1968; Dennis and Patil 1988). Although seldom applied to 
ecological data, the HM is sometimes used when calculating the effective population (often 
expressed as 𝑁𝑒), where environmental effects on successive generations are assumed to 
be multiplicative (Karlin 1968). Here, the harmonic mean represents an average of total 
yearly counts for a single trap across multiple surveillance seasons (analogous to 
successive generations in 𝑁𝑒). The harmonic mean was calculated as the reciprocal of the 
arithmetic mean of the reciprocals of the total yearly counts, and is expressed as follows 
(adapted from Zar 2010): 












Where 𝑥𝑖,𝑗 is the 𝑖
th collection event in the 𝑗th year and 𝑀 is the number of years 
considered (eight for Ae. dorsalis, nine for all other species). Note that while the HM is 
relatively insensitive to large outliers, it is not equally so to small outliers, and tends to 
skew left relative to the arithmetic mean. In contrast to the TIs, which are dependent on the 
relative mosquito activity of the other traps (within the same year), the HMs of different 
traps are independent of one another. Both values were used to produce species distribution 
models, as differences between them may highlight different environmental predictors or 
long-term trends. Both the TI and HM values generated from the trap data were tested for 
spatial autocorrelation using Global Moran’s I tool. The average distance between traps 
was calculated using Average Nearest Neighbor. Both operations were performed in 
ArcGIS Pro 2.5.1 (ESRI Inc., Redlands, CA).  
4.2.3. – Spatial data 
No thematic maps of LULC data for the Winnipeg area were available at a 
resolution appropriate for a within-city spatial analysis (≤10 m per pixel, as recommended 
by Anderson et al. (1976) and Herold et al. (2003). While orthographic photography tiles 
of the city at very high resolution (7.5 cm) were available (City of Winnipeg 2018), these 
only captured pixel data for the red, green and blue (RGB) bands of light. Use of these tiles 
would have precluded the inclusion of often important indices as potential predictors of 
mosquito activity, such as the Normalized Difference Vegetation Index (NDVI) (Brown et 
al. 2008; Chuang, Henebry, et al. 2012; Demets et al. 2020) and the Normalized Difference 
Wetness Index (McFeeters 2013; Wiese et al. 2019). These index values require 
measurements in the near-infrared (NIR) range, and so cannot be obtained from the RGB 
orthophotos. Additionally, at least 5 traps fell beyond the spatial extent of these 
orthophotos. If they were to be used, these trap locations would need to be excluded, or 
characterized by some other means at a coarser scale than those traps within the photos. If 
mosquito dispersal from beyond the city limits poses a potential problem for nuisance 
mosquito populations, information from traps outside the city perimeter would be 
necessary to identify this problem.  
To obtain data on the LULC characteristics of each trap’s surroundings, I did an 
object-based landscape classification of multispectral satellite imagery. The use of 
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multispectral 10 m resolution imagery from the remote sensing satellite programme 
Sentinel-2 (obtained from the Copernicus Open Access Hub) was a compromise between 
temporal, spatial, and spectral resolution. The Sentinel-2 sensors can measure emitted or 
reflected energy in the NIR range, as well as in the RGB bands. However, since the first 
Sentinel was launched in June 2015, no cloud-free imagery products of the Winnipeg area 
were collected in the summer of 2015. Instead, cloud-free imagery from June 30, 2019 was 
selected with the assumption that the land cover and use throughout the study area 
remained relatively consistent in Winnipeg from 2007 to 2015 (Statistics Canada 2016). 
Mosquito numbers reach their peak in the Winnipeg area in either June or July. As a paired 
t-test found no significant differences between the numbers of female mosquitoes collected 
in June and July from 2007 to 2015, imagery from late June was deemed an appropriate 
midpoint. 
 The object-based landscape classification workflow and extraction of all spatial 
data were completed in ArcGIS Pro 2.5.1. The Sentinel-2 imagery was clipped to the study 
area and a false colour composite image was created using the NIR, green, and blue 
wavelength bands. Together, these highlighted variations in primary productivity 
(vegetation) across the landscape.  Using the Segment Mean Shift tool (Spatial Analyst), I 
created a segmented image (Figure 26) to decrease the data size and complexity of the 
imagery prior to classification. Segmentation is a process that divides the imagery into 
groups of multiple adjacent pixels that represent homogenous regions relative to their 
surroundings (Pal and Pal 1993). The Segment Mean Shift tool uses a region-based 
segmentation algorithm, meaning that it recognizes objects starting from the inner pixels 
rather than those at its edges, as in edge-based segmentation methods (Hossain and Chen 
2019). Parameter selection for this operation specified the maximum spatial and spectral 
detail (20) and a minimum segment size of 5 pixels to preserve as much detail as possible. 
A 446-sample training dataset was produced using 500 randomly generated points 
within a 4 km radius of the trapping locations. At each point, a sample “object” was 
delineated as an individual polygon feature. If a point fell on the boundary of two or more 
objects, all objects were delineated. Points that fell within already sampled objects were 
skipped as to not be sampled twice. Each object corresponded with one of ten LULC 
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classes, where seven were mutually exclusive and exhaustive land cover classes. Four of 
these land cover types were defined by the coverage and type of vegetation present: 
cultivated land, bare ground (or sparsely vegetated), grass (or open area), and forest (or 
densely vegetated canopy). Pavement, standing water, and river water were also included 
among these land cover classes. The remaining three classes were zoning designations – 
residential, commercial (or public), and industrial – and characterized land use in 
contiguous built-up areas, such as residential neighborhoods or city blocks. These land use 
classes were mutually exclusive from one another but could within them include smaller 
objects made of non-water land cover classes listed above. All LULC classes are described 
in Table 14. The rationale of including zoning designations was that the relative amount 
and type of vegetation differs between them. Vegetation in residential neighborhoods is 
predominantly lawns and trees, whereas commercial and industrial areas have less 
vegetation overall. 
The classification of the study area into a thematic map composed of the above 
LULC classes was performed by a Support Vector Machine (SVM) algorithm (henceforth 
“the classifier”). The classifier was trained on the samples from the segmented image using 
all segment attribute options except rectangularity. The SVM  is a supervised machine 
learning algorithm that is used in classification and non-linear regression analyses (Cortes 
and Vapnik 1995). It is a non-parametric approach that does not require the dataset to 
adhere any particular distribution for best statistical practice (Everingham et al. 2007). 
Support Vector Machine algorithms have been shown to perform well in landscape 
classification studies (Khatami et al. 2016; Thanh Noi and Kappas 2017), as they are less 
sensitive to noise and more robust to unbalanced datasets relative to more common 
algorithms (Adam et al. 2014). In their studies of evaluating the performance of machine 
learning classifiers on remotely sensed data,  Everingham et al. (2007) and Adam et al. 
(2014) discuss basic theory and include further reading pertaining to SVM.  
Within the thematic map generated by the classifier (Figure 26), large or 
conspicuous areas that had been classified incorrectly were manually reclassified for 
greater accuracy. The accuracy of this final image was assessed by randomly generating  
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Table 14. Description of all LULC classes used in the object-based landscape classification. 
Variable Name Description 
RESIDENTIAL Built land generally used for residential purposes where housing predominates.  
COMMERCIAL 
Built land generally used for commercial purposes, primarily providing space to 
retail and service businesses. Land with public or administrative buildings such 
as community halls or government offices have also been included. 
INDUSTRIAL 
Built land generally used for industrial purposes. Plants, factories, storage 
facilities and airports are examples of common buildings in industrial areas. 
PAVEMENT Surface that is paved with asphalt or content, such as a road or parking lot.  
CULTIVATED 
Arable land that is worked by raising crop monocultures. Common crop species 
in the Winnipeg region include wheat, canola, and flaxseed. Land in fallow is 
included within this definition. 
FOREST Densely vegetated area characterized by tree canopy. 
GRASS 
Open area, such as a field or lawn that is generally free of trees and dominated 
by low grasses and forbs. 
GROUND Bare ground where soil is exposed, and vegetation is absent or sparse. 
RIVER Flowing water course greater than 10 metres in width. 
WATER Standing water feature such as a pond, reservoir, or pool.  
 
500 points, where 50 points where generated for each class, as recommended by Congalton 
(1991). Each point was reviewed individually to determine if the classifier had correctly 
identified its location on the thematic map with the “true” LULC class. Expert knowledge 
augmented by Landsat Imagery from 2014 and 2015 provided by Google Earth Pro were 
used as a reference to determine the accuracy of the classification.  
A confusion (or error) matrix (Table 15) was generated using data from the 
accuracy assessment to calculate the producer’s accuracy, user’s accuracy, and Cohen’s 
Kappa (κ) coefficient (Cohen 1960; Congalton 1991). The producer’s accuracy is a 
measure of how likely a random pixel from the reference data will be correctly classified 





Figure 26. A. Segmented 10 m resolution image generated from a false colour composite image of the study area 
created using the NIR, green, and blue wavelength bands. Insets B and C show examples of different regions seen at 
the pixel-level. Imagery was obtained from the Copernicus Programme Sentinel-2 mission on June 30th, 2019. 
119 
 
Table 15. Confusion Matrix results for the LULC classification performed with the near-
infrared, blue, and green bands from 2019 Sentinel-2 imagery. Reference data used for the 
accuracy assessment are in columns, while rows represent the classification generated from 
these data. 
Class 1 2 3 4 5 6 7 8 9 10 Total 
User’s 
accuracy (%) 
1 Cultivated land 50 0 0 0 0 0 0 0 0 0 50 100. 
2 River 4 39 6 0 0 0 0 0 1 0 50 78 
3 Standing Water 1 3 38 0 0 0 0 2 4 1 49 78 
4 Residential 4 0 0 42 0 0 0 1 2 1 50 84 
5 Commercial 0 0 0 12 27 2 8 0 1 0 50 54 
6 Industrial 0 0 0 2 0 29 4 15 0 0 50 58 
7 Pavement 2 0 0 0 0 0 46 2 0 0 50 92 
8 Bare Ground. 9 0 0 2 0 0 1 38 0 0 50 76 
9 Grass 12 0 0 0 0 0 0 1 36 1 50 72. 
10 Forest. 8 0 0 0 0 0 0 0 1 41 50 82 








77            
 Kappa 0.75            
pixels within a class by the total number of reference points in this class. The user’s 
accuracy is the number of accurately classified reference pixels within a class divided by 
the total number of pixels assigned to that class by the classifier. It is a measure of 
reliability, representing the likelihood that a pixel on the map is classified accurately with 
respect to the reference data (and ideally, to reality).  
Kappa (κ) is a measure of how well the classification performed in comparison to 
a scenario in which classes were assigned to pixels at random. It ranges from -1 to 1. If κ 
is closer to -1, the classification performed significantly worse than random, but if κ is 
closer to 1, it performed significantly better than random (Congalton and Mead 1983).  A 
κ value approaching 0 indicates that the classification was as effective as a random 
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assignment of values. A κ value above 0.75 is generally regarded to indicate substantial 
(Landis and Koch 1977) if not “almost perfect” (Muñoz and Bangdiwala 1997) agreement 
between the classifier and the reference data. The overall accuracy of a classification is 
also often reported; it is the total proportion of pixels that were accurately classified in the 
accuracy assessment. 
The final classified image (Figure 27) was used to extract spatial information within 
a fixed radius of each trap location. To do this, circular zonal areas with nested radii of 
1000, 500, 250, 100 and 50 m were established around each trap. This was done to optimize 
for the spatial scale at which individual environmental variables can explain mosquito 
distribution (Diuk-Wasser et al. 2006), while also maximizing spatial heterogeneity across 
trap locations. Within these zonal areas, spatial data were extracted in the following 
procedures.  
Geocoded areas where mosquito larvae are monitored and treated when present 
(known larval habitats) were obtained as a shapefile from the ICB. This dataset consisted 
of 2,145 regions listed for treatment delivered by helicopter, and 2,035 smaller individual 
sites monitored and treated by ground crews. The Tabulate Area tool was used to calculate 
the total cover of known larval habitats, as well each individual LULC class (ten total) for 
each trap radius. Resulting values ranged from 0 to 1, where higher values represented traps 
which had a greater proportion of known larval habitats, or of a specific LULC class type 
within its surroundings. 
The NDVI and NDWI were calculated for each pixel of the original Sentinel-2 
satellite imagery. The mean value for each index within each trap radius was calculated 
using the Zonal Statistics tool. A shapefile provided by Manitoba Land Initiative 
(Government of Manitoba 2009) was used to mask rivers such that they did not contribute 
to the index values. Both the NDVI and NDWI are derived using the equations below (from 
Singh 1989 and McFeeters 1996, respectively). They are widely used to infer information 
about the distribution of either vegetation or surface moisture across a terrestrial landscape. 
NDVI =  
𝑁𝐼𝑅−𝑅𝑒𝑑
𝑁𝐼𝑅+𝑅𝑒𝑑








Figure 27. A. Land use and land cover map for the Winnipeg region study area, generated from an object-based 
landscape classification procedure using training data and a Support Vector Machine (SVM) classifier algorithm on the 
segmented imagery in Figure 26. Insets B and C show examples of different regions seen at the pixel-level. 
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The NDVI is correlated with the abundance of productive vegetation cover (Asrar 
et al. 1984) and its photosynthetic capacity or health (Sellers 1985). As defined by 
McFeeters (1996), the NDWI has been used to delineate surface water features such as 
swimming pools and ponds, which are potential mosquito habitats (McFeeters 2013). 
Many similar studies have used NDWI as a predictor of mosquito activity (Zou et al. 2006; 
Brown et al. 2008; Estallo et al. 2018; Mudele et al. 2019; Piedrahita et al. 2020). However, 
it is important to note that all use another index by the same name proposed by Gao (1996), 
which measures water content in vegetation and uses the satellite measurements of 
reflected radiation from the short-wave infrared range (SWIR). Use of Sentinel-2 imagery 
at a 10 m resolution precluded the use of Gao’s NDWI, as SWIR measurements are only 
measured at a 20 m resolution. While McFeeters’ NDWI is relatively limited in its capacity 
to characterize plant health, its ability to identify wetland areas (Kaplan and Avdan 2017; 
Eid et al. 2020) may be helpful in identifying similar adult mosquito habitats. 
Lastly, a spatial join was done to calculate the distance from each trap to the nearest 
river using the same river shapefile from the MLI above. See Appendix XVI for a summary 
of trap site environments. 
4.2.4 – Data analysis and mapping 
The Forest-based Classification and Regression tool in ArcGIS Pro 2.5.1 (ESRI 
Inc., Redlands, CA) was used to develop regression models that maximized the amount of 
variation in mosquito activity explained by a set of predictor variables extracted from the 
Sentinel-2 imagery. This tool uses the Random Forest (RF) algorithm (Breiman 2001), an 
ensemble machine learning method which trains a model based on a set of observations 
given a corresponding set of predictor variables. The model can subsequently be used to 
predict unknown values using the same predictors. An outline of the theory behind RF is 
given in Ch. 2.4. For each of Ae. vexans, Cx. tarsalis, Cx. restuans, and Ae. dorsalis, a 
model was developed in a stepwise manner using the natural log of the TI and HM for each 
trap location. The transformation was done to improve model performance as the trap 
counts exhibited a long-tailed distribution. While regression trees are robust to outliers and 
skewed distributions in predictor variables, the splitting process of RF dampens the input 
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of larger values in the response variable, which have smaller variation in left skewed 
datasets (De’Ath and Fabricius 2000).  
To find an initial model to iterate, I selected the four predictor variables most 
frequently listed with the greatest importance in RF models trained to generate 10,000 trees 
using all variables (64 in total), with the mtry parameter (number of random variables 
compared at each node) set to 8. Variables calculated using different zonal area sizes were 
not permitted to be in the same model. From the initial model, the following iterative 
procedure was performed on each model: 1) Each variable was removed individually, 2) 
Each LULC or index-based variable was adjusted individually to verify its effect on the 
model at all other scales (zonal area sizes), and 3) Each predictor variable not in the model 
was individually added at each zonal area size. The iterative model that explained a greater 
percentage of variance and reported a smaller MSE was then taken as the new initial model. 
This procedure was repeated until model performance could no longer improve. The 
number of trees used in each iteration was 10,000, with the mtry parameter set to either 2 
(seven or fewer predictors) or 3 (more than seven predictors). The variance inflation factor 
(VIF) was calculated for each of the models and the iteration procedure was repeated if a 
model was found to have a VIF greater than five, a common threshold for indicating 
problematic collinearity between variables (Sheather 2009).  
Final models were used to predict the risk of elevated mosquito populations on a 
map of the Winnipeg area using the “Predict to raster” function. To create the necessary 
predictor raster layers required to run this function, the Focal Statistics tool was used to 
create a “smoothed” raster layer for each variable in the final models (Diuk-Wasser et al. 
2006). For LULC and larval habitat variables, the tool calculated the sum of the relevant 
pixels within the designated zonal area radius for each pixel in the raster. To obtain the 
zonal area proportion covered by each of these variables, these values were divided by the 
number of pixels contained within a circular zone of radius r.  Since the resolution of the 
imagery used was 10 m, r was equal to the zonal area size multiplied by a factor of 1/10.  
Lastly, for use with models with distance to river included as a predictor, the Euclidean 
Distance tool was used to calculate the distance to the closest river for each of the pixels in 
the raster.  
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In the resulting risk map rasters, I applied a back-transformation of 10𝑥  to the value 
of each pixel (x), which corresponded to the predicted values for the log-transformed TI or 
log-HM at its location. This was to avoid the bias generated by log-transformed frequency 
distributions (Wilson et al. 1990). The maps generated by the prediction function show the 
probability (risk) that a unit area, indicated by a single pixel value, will have elevated 
mosquito activity relative to other pixels. Lastly, for each model, the variables were tested 
for correlation against the species activity metric being predicted using Kendall’s tau 
coefficient (rτ).  
4.3 – Results 
4.3.1 – Landscape classification accuracy 
The confusion matrix generated from the object-based landscape classification 
returned an overall accuracy of 77.3 %, with a kappa coefficient of 0.75 (Table 15). 
Cultivated land was the class in which other classes were most frequently misclassified, 
with a producer’s accuracy of 56%, i.e., only 56% of the reference points located on 
cultivated land were identified as such by the classifier. However, the user’s accuracy 
(100%) indicated that overall, the classifier is reliable at identifying cultivated land, i.e., all 
points that were located on pixels labelled as cultivated land by the classifier were also 
located on cultivated land in reality. Low user accuracies were obtained for 
commercial/public areas (54%) as well as industrial areas (58%), for which there were 
conversely high producer accuracies (100 and 93.6%, respectively). 
4.3.2 – Spatial autocorrelation 
Across all species, Moran’s I tests revealed no spatial autocorrelation (p > 0.05) 
between traps, regardless of the activity metric used (TI or HM). The observed mean 
distance between traps was 2511 m, meaning that on average, traps were slightly more 
dispersed than if they were to be distributed randomly.  
4.3.3 – Mapping risk with Random Forest regression models 
The model built for Ae. vexans activity using TIs performed the best out of all 8 
models with 57% of the variance explained by 4 variables (Table 16). While the HM-based 
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model for Ae. vexans explained less variance, both the TI and HM-based models identified 
forest cover at a scale of 500 m to be the most important variable. Both also included grass 
cover and residential area at 500 m and above as weaker predictors. Risk maps generated 
from Ae. vexans models show a greater concentration of elevated population risk in areas 
surrounding riparian areas (Figure 28 and 29). However, the map generated by the HM-
based model shows more specificity with these hotspots due to the greater number of 
explanatory variables. Two of these variables, commercial area, and pavement (both within 
100 m), were both negatively correlated with the HM values for Ae. vexans.  
Models for Cx. tarsalis distribution also performed best when using TIs (53% 
variance explained) to measure mosquito activity instead of HMs (31%) (Table 16). These 
models included the most explanatory variables out of all the models, at 8 and 7 variables 
for the TI and HM-based models, respectively. Both models listed grass, ground, river and 
industrial LULC classes as among their predictors, but the models disagreed upon the effect 
scale and/or importance of these variables. Areas surrounding the city limits were identified 
as Cx. tarsalis hotspots (Figure 30 and 31), with a more conservative distribution of these 
areas within the HM-based risk map. Both models display the inner-city area as relatively 
low risk. However, the HM-based model displays it as homogenously low on the risk scale. 
In comparison, the TI-based model has more variation in mosquito activity predictions 
within the inner-city. 
The Cx. restuans models behaved similarly to the Ae. vexans models, with greater 
concentrations of mosquitoes clustered around riparian areas (Figure 32 and 33). Patchier 
hotspot distribution was seen in the HM-based models. Both models included forest cover 
(within 500 m) and rivers (within 250 m) as explanatory variables (Table 16). The HM-
based model (49%) performed better than the TI-based model (37%) in explaining the 
variance in Cx. restuans activity and included a greater number of predictors. 
Lastly, variance in Ae. dorsalis activity was explained slightly better by the HM-
based model (38%) than its TI counterpart (32%) (Table 16). Both models included 
cultivated land within 500 to 1000 m as important variables. However, maps for these 




Figure 28. Risk map generated using a Random Forest regression to model the relative 
distribution of Aedes vexans in the Winnipeg region. Markers indicate source data trap 
locations, where representative trap counts were derived from the year-weighted trap index 





Figure 29. Risk map generated using a Random Forest regression to model the relative 
distribution of Aedes vexans in the Winnipeg region. Markers indicate source data trap 
locations, where representative trap counts were derived from the harmonic mean (HM) of 




Table 16. Summary of best-performing Random Forest regression models for each 
mosquito species. The type of response variable used each model is indicated by the 
superscript next to the species name; TI stands for trap index, and HM for harmonic mean. 
The last column contains Kendall’s tau (rτ) correlation coefficient for each variable against 










Ae. vexansTI 0.042 57 Forest 500 32 -0.55 
   NDVI 50 24 -0.29 
   Grass 500 22 -0.16 
   Residential 1000 22 -0.07 
Ae. vexansHM 0.280 45 Forest 500 27 -0.52 
   Distance to River - 22 -0.28 
   Commercial 100 17 -0.42 
   Pavement 100 12 -0.27 
   Grass 500 12 -0.16 
   Residential 500 9 -0.01 
Cx. tarsalisTI 0.060 53 Grass 500 21 -0.41 
   NDVI 50 19 -0.18 
   Forest 100 15 -0.35 
   Residential 1000 14 -0.40 
   Ground 250 9 -0.28 
   NDWI 500 8 -0.19 
   River 250 7 -0.30 
   Industrial 100 6 -0.19 
Cx. tarsalisHM 0.230 31 Ground 250 26 -0.20 
   Cultivated 1000 24 -0.29 
   River 1000 21 -0.23 
   Grass 1000 17 -0.32 
   Commercial 100 8 -0.16 
   Industrial 50 3 -0.14 
   Water 100 2 -0.08 
Cx. restuansTI 0.069 37 Residential 500 46 -0.26 
   Forest 500 42 -0.35 
   River 250 11 -0.07 
Cx. restuansHM 0.268 49 Forest 500 38 -0.37 
   Distance to River - 22 -0.04 
   River 250 14 -0.14 
   Commercial 100 13 -0.24 
   Ground 100 13 -0.13 
Ae. dorsalisTI 0.082 32 Residential 1000 46 -0.38 
   Cultivated 1000 33 -0.30 
   Water 500 21 -0.14 
Ae. dorsalisHM 0.092 38 Cultivated 500 57 -0.05 




Figure 30. Risk map generated using a Random Forest regression to model the relative 
distribution of Culex tarsalis in the Winnipeg region. Markers indicate source data trap 
locations, where representative trap counts were derived from the year-weighted trap index 





Figure 31. Risk map generated using a Random Forest regression to model the relative 
distribution of Culex tarsalis in the Winnipeg region. Markers indicate source data trap 
locations, where representative trap counts were derived from the harmonic mean (HM) of 





Figure 32. Risk map generated using a Random Forest regression to model the relative 
distribution of Culex restuans in the Winnipeg region. Markers indicate source data trap 
locations, where representative trap counts were derived from the year-weighted trap 





Figure 33. Risk map generated using a Random Forest regression to model the relative 
distribution of Culex restuans in the Winnipeg region. Markers indicate source data trap 
locations, where representative trap counts were derived from the harmonic means (HM) 





Figure 34. Risk map generated using a Random Forest regression to model the relative 
distribution of Aedes dorsalis in the Winnipeg region. Markers indicate source data trap 
locations, where representative trap counts were derived from the year-weighted trap 





Figure 35. Risk map generated using a Random Forest regression to model the relative 
distribution of Aedes dorsalis in the Winnipeg region. Markers indicate source data trap 
locations, where representative trap counts were derived from the harmonic means (HM) 




or a relatively low risk (Figure 35) of elevated mosquito activity. In the TI-based model, 
few hot spots were identified for Ae. dorsalis populations. Most of the region outside of 
the city limits posed average to relatively higher risk in comparison to the inner city.  With 
the HM-based model, hotspots were patchy and located throughout the inner city. 
4.4 – Discussion 
4.4.1 – Object-based LULC classification 
Given that kappa is intended to be used in situations where all classes have equal 
sample sizes (Congalton 1991), the kappa value obtained in the landscape classification 
may be artificially low because of unbalanced training data. The extent of the thematic 
LULC map was the combined area within 4 km of each trap and was larger than the area 
used to generate the training data. Since the 4 km radii surrounding the traps (correcting 
for overlapping area) amounted to 727 km2, this meant that the training samples 
represented less than 40% of the total study area. Therefore, there were fewer training 
samples for cultivated land than would have been if the entire study extent had been used 
to generate random sample points for this task. This was despite cultivated land cover 
having had the greatest number of training samples. As the study area was comprised of 
approximately 25% urban or peri-urban area and 75% cultivated land in its ~2000 km2 
scope. This introduced bias in the classification process. 
It follows that the classifier assumed less cultivated land would be present across the study 
area than was present on the landscape. Subsequently, the producer’s accuracy (56%) saw 
that the classifier often misidentified cultivated land as grassy open area or forest, assuming 
these classes to occupy more area than they do (Table 14). Conversely, commercial and 
industrial areas were overrepresented in area among the training samples despite (again) 
having the fewest samples. This led the classifier to misclassify them as other related (or 
frequently co-present) classes, which led to lower user’s accuracies (54 to 58%), as is 
common in image classification studies (Werner et al. 2014). For example, pavement and 
residential areas were erroneously zoned as commercial area, and ground was often 
mistaken for industrial land.  
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However, this was generally not an issue in the characterization of trap 
surroundings, as these misclassified areas were relatively small compared to the correctly 
identified areas that surrounded them. Traps with substantial cultivated land area 
surrounding them still reported large proportions of cultivated land in their surroundings, 
with negligible effect to the overall proportion of grass and forest cover reported. 
Admittedly, this may have led to small effects in variable importance within the final 
models. Regardless, the calculated Kappa coefficient indicated an acceptable degree of 
agreement between the classifier and the reference data. Therefore, I feel that that the 
thematic LULC map generated was sufficiently accurate for the task of risk mapping, 
specifically where the risk drivers are multi-factorial in nature. 
4.4.2 – Moran’s I 
As expected, trap count values were not spatially autocorrelated for any species. 
This was likely because the traps were located too far apart to represent the true spatial 
heterogeneity of the urban Winnipeg area where most traps were located. 
4.4.3 – Spatial distribution models 
It was also expected that Ae. vexans distribution models would perform better than 
the other models on average, as effects are easier to detect with larger samples (Krzywinski 
and Altman 2013), and Ae. vexans represented over 95% of mosquitos collected by the 
source traps. The clustering of their distribution around rivers corroborates what is already 
known about Ae. vexans as floodwater mosquitoes (O’Malley 1990; Becker 2010); females 
are known to lay their eggs in moist soils, with Ae. vexans showing preference for areas 
where the water table is high. Many geospatial studies echo this, in finding that Ae. vexans 
are associated with proximity to wetlands (Moncayo et al. 2000; Trawinski and Mackay 
2010; Giordano et al. 2018) and surface wetness (Shaman et al. 2002; Chuang, Hockett, et 
al. 2012). 
While both Ae. vexans models reported slightly different variables as important 
predictors of mosquito activity, their mapped distributions were similar regardless of the 
mosquito activity metric used. The surrounding presence of forested areas was the most 
important predictor in both models which reflects 1) the mosquito as an evening-feeder 
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that inhabits shady understory vegetation during the day (Bidlingmayer 1971; Mullen 
1971; Burkett-Cadena et al. 2013), and 2) the close association with forests and rivers in 
the Winnipeg area. While only the HM-based model reported a river-related metric as a 
predictor, the TI-based model identified NDVI within the immediate vicinity of the trap as 
a key predictor. This may function as a proxy for riparian areas near rivers within this 
model, given that NDVI is correlated with primary productivity, and riparian areas are 
among the most productive ecosystems in part because of their high water tables (United 
States Department of Agriculture 1996). The inclusion of grass and residential areas as a 
predictor in both models may also follow this inference, as residential vegetation such as 
lawns may mimic the moist soil in which Ae. vexans oviposit. 
The negative correlations between mosquito activity, and pavement and 
commercial areas within the HM-based Ae. vexans model appears to have restricted the 
distribution of elevated populations into residential areas surrounding the rivers. Both 
models agree that the presence of riparian areas is important, but they disagree on the 
specificity of these habits and the extent to which residential areas may also harbour hot 
spots for Ae. vexans. 
The risk projections for Cx. tarsalis align with their tendency to occupy irrigated 
rural areas (Moore et al. 1993) and regions lacking in vegetation where standing water is 
most likely to pool in artificial containers capable of collecting rainwater (Wood et al. 
1979). Both models list positive correlations with bare ground, open grasslands, and 
industrial areas. These results agree with most other GIS-based studies of Cx. tarsalis 
activity, where we see correlation with non-forested or otherwise less productive areas 
(Diuk-Wasser et al. 2006; Yoo et al. 2016), as well as cultivated and grassland regions 
(Nielsen et al. 2008; Chuang et al. 2011). Their preference for polluted or eutrophic 
standing water may be enabled by cultivated or industrial land use, which concentrate 
organic nutrients in dry conditions (Shaman et al. 2002; Winters et al. 2008; Eisen et al. 
2010). This also explains the inclusion of river area as a negative-associated predictor in 
both Cx. tarsalis models, as these areas would be the least likely to be eutrophic.  
Like the Ae. vexans models, the Cx. tarsalis models also generally agree on the 
major drivers of mosquito activity but disagree in terms of determining whether these 
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encroach on urban areas outside of industrial areas. Again, the HM-based model gives more 
specificity with respect to its risk projections for Cx. tarsalis. 
For Cx. restuans, the areas with greatest predicted risk of elevated were predicted 
to be near forested areas in the vicinity of, but not in the immediate proximity (within 250 
m) of, a river, unlike Ae. vexans.  This agrees with their affinity for shaded oviposition sites 
under dense tree canopies, where they occupy a variety of habitats, such as ditches, stream 
pools and artificial containers (Walter Reed Biosystematics Unit 2020). Given that river-
related metrics appear to be only weakly correlated with Cx. restuans activity, but improve 
model performance, it may be that they mediate the effects of interactions involving 
themselves and other predictors. To my knowledge, this is the first attempt to model Cx. 
restuans activity in an urban area using GIS-based analysis. 
The distribution models for Ae. dorsalis also represent a first for the species. 
However, these models performed the poorest out of all models regardless of species. 
While cultivated land area (within 1 km) was a strong predictor of activity in both models, 
its relationship with Ae. dorsalis populations are not clear, given discrepancies in model 
projections. As this species only contributes >1% of specimens in all collections from the 
study period, it may be that their sample size is not sufficiently large to detect an effect. 
Additionally, TI and HM values were most dissimilar for Ae. dorsalis, where the three trap 
locations ranked highest for activity by TI did not match those same rankings by HM 
(Appendix XVII). 
4.4.4 – Use of TI and HM 
The inconsistency in performance between the TI and HM-based models is not 
obvious in its origin but may be related to relative variation across yearly trap counts. At 
face value, HM-based models appeared to perform better in explaining variance in Cx. 
restuans and Ae. dorsalis activity (49 and 38%, respectively), whereas TI-based models 
explained more variance for Ae. vexans and Cx. tarsalis (57 and 53%, respectively). An 
overview of the total yearly trap counts for each trap revealed that this may be related to 
the average yearly variation among species as indicated by the coefficient of variation 
(CV). The CV is a measure of relative variability between multiple datasets with different 
measures or values. It is calculated by dividing the sample standard deviation by the sample 
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mean (Glen, n.d.).  When calculating CV using the proportion of the total yearly number 
of mosquitoes collected per trap (used in calculating TI), the overall coefficient of variation 
of the proportions of Ae. dorsalis collected in individual traps each year (0.76) was more 
than double than that of Ae. vexans, Cx. tarsalis, and Cx. restuans (0.30, 0.32, and 0.35, 
respectively; see Appendix XVIII). In other words, the yearly variation between individual 
traps varies less for Ae. vexans, Cx. tarsalis, and Cx. restuans than the yearly trap variation 
for Ae. dorsalis. Similarly, when calculating CV for the HM values, which used the inverse 
of the total number of mosquitoes caught per trap each year, I found that all other species 
demonstrated lower overall variability between years in comparison to Ae. dorsalis (see 
Appendix XIX). While this may explain relatively low model performance in general with 
Ae. dorsalis, it is still unclear where the unusual discrepancy in performance between TI-
based and HM-based models for Cx. restuans originated. In the TI-based models, Cx. 
restuans had total yearly CV that was lower than that of Ae. dorsalis, but close in value to 
the two other species. However, this trend was not repeated in the yearly CVs for the HM-
based models, as Cx. restuans had the lowest variability overall. 
This infers that consideration must be given to multi-year trends in activity before 
selecting a metric to represent it as a response variable and an analytical tool such as RF. 
A higher coefficient of variation between years may indicate unstable or more stochastic 
population emergences, which may be better explained by HM-based models. Aedes 
dorsalis had the highest overall coefficient of variation in both models, which both 
performed poorly overall, but the HM-based model outperformed the TI-based model for 
this species. Due to the way that a RF model’s percent variance explained is calculated (see 
Ch. 2), a model where the response variable exhibits greater variation will generally result 
in a better performance than that with less variance, if all other factors are equal. However, 
it is not clear what other factors contribute to differences between TI and HM-based 
models. Higher performance in the HM-based model was not corroborated by a higher 




4.4.5 – Conclusions 
Overall, the effect scales showed different trends depending on the predictors 
selected by the models. The amount of surrounding vegetation-based land cover classes 
such as cultivated land, grass and forest tended to be most effective at 500 to 1000 m across 
all models, whereas certain land use classes such as commercial and industrial areas were 
more often influential at a 50 to 100 m scale. This may reflect the average size of these 
areas on the landscape, where swaths of forested or cultivated land tend to be larger than 
industrial and commercial areas. Regardless, this demonstrates that relationships between 
mosquitoes and their surroundings extend beyond the reach of their olfactory or visual 
senses. 
The analytical procedure presented here serves as an example of a user-friendly 
approach to spatial modelling using data from traps. The utility of TI and HM as activity 
metrics may be limited to studies with multiple years of data, but the extraction of spatial 
data in various zonal area sizes combined with the use of non-linear trend analysis (e.g., 
Random Forest) leads to more robust results. The use of machine learning can be used to 
produce risk maps that are easily interpretable without familiarity with the details of the 
study. While the RF models could be further validated by trap data from other years, its 
robustness is demonstrated by the consistency of the predictors and their effective scales 
observed in predictor variables between TI and HM-based models. While there is no 
precedent in the literature for use of TI and HM as metrics of mosquito activity, their use 
is recommended if a representative value for many groups is required, especially where 
sample sizes among groups vary on a logarithmic scale.  
While TI and HM were used here as metrics of mosquito activity, this was only to 
address the structure of the dataset. Predictions of mosquito distributions during more 
recent or more specific surveillance periods could be generated using only monthly or 
weekly mosquito trap counts as well.  
I also recommend developing models with multiple scales for each predictor 
variable in the dataset. When measuring the collinearity of the same variables over multiple 
scales, I found that collinearity was low. This indicates that a significant amount of spatial 
heterogeneity was added to the landscape with each increase in the scale of the trap 
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environment from which spatial data were extracted. The radii for extracting information 
about trap environments were chosen arbitrarily in these analyses but reflect both the 
largest size possible before numerous zonal areas intersect and the previously documented 
flight capabilities for the most common mosquito species. However, we encourage others 
to try including information extracted from trap environments at greater scales, as these 
analyses have demonstrated that mosquito may be influenced by their surrounding 
landscape on a much larger scale than previously thought. 
Finally, while the RF procedure that was used to predict mosquito activity in 
unsampled areas works well on small samples (only 28 traps were sampled, 30 are 
recommended by ArcGIS Pro), we caution that it not be used to predict the distribution of 
species for which there are relatively few specimens. Compared to the other three species, 
the models for Ae. dorsalis were built upon fewer specimens spread across fewer collection 
events, with many traps collecting no individuals some years. Lack of variation in the data 
produced the poorest models and distribution patterns that were not replicated when a 
different activity metric (HM or TI) was used. The models produced by the methods given 
in Ch. 4 may be incompatible with most procedures used to develop species distribution 
models for endangered populations, for which activity is usually much lower and less 
variable. 
The most successful model in this study was that built using surveillance data from 
Winnipeg’s most common mosquito species, Ae. vexans, which was notably present in 
every trap in ever year, with greatest variation in their numbers. For those intend to model 
mosquito distribution in the future: it may be worthwhile to ponder the structure of datasets 
where presence is the rule, not the exception, as it may not be appropriate to approach these 
with the same modelling techniques used for species at-risk analyses. 
These findings may represent opportunities for improved mosquito control efforts. 
As mosquito activity risk is presented in 10 m resolution, it is possible to use these risk 
maps to inform nuanced control strategies within neighbourhoods based on the risk 
predicted by their unique environmental characteristics (Figure 36). Given that these risk 
maps are highly interpretable by non-experts, they also present valuable tools for 




Figure 36. Risk maps for Aedes vexans at neighbourhood scale (10 m resolution).
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CHAPTER 5 – OVERALL DISCUSSION 
 
A comparison of the outcomes of the MRR studies (Ch. 3) and spatial analyses (Ch. 
4) revealed complementary findings with respect to the behaviour of both Aedes vexans 
(Meigen, 1830) and Cx. tarsalis Coquillett, 1896, as well as the usefulness of a mosquito 
control buffer zone extending 8 km or more beyond Winnipeg city boundaries.  
The floodwater mosquito Ae. vexans was consistently demonstrated in MRR 
experiments to have strong flight capabilities. They were also shown to prefer areas with 
more vegetative cover and higher humidity, having been recaptured more often in forested 
areas, many of which were near to natural rivers like the Assiniboine and the Red. In the 
spatial analyses, the areas at greatest risk of developing elevated populations of Ae. vexans 
were those surrounding rivers or that were otherwise high in vegetation. It is tempting to 
assume that since over 95% of mosquitoes captured in the traps in these experiments were 
Ae. vexans, that ICB should prioritize their control efforts on riparian areas. However, it is 
worthwhile to note briefly that these studies are biased toward mosquitoes that can be 
sampled using unbaited NJLTs, which may not have been a representative sample of all 
mosquitoes in this area. Additionally, since NJLTs primarily attract mosquitoes using light, 
they are more likely to be caught at night. This means that their daytime distribution may 
differ from their nighttime distribution. Further studies are required to determine if Ae. 
vexans are more likely to be caught at night as a resulting of their movement out of riparian 
areas into nearby residential areas with potential hosts.  
Regardless, we can speculate that Ae. vexans, and possibly Culex restuans as well, 
are using riverine corridors for dispersal. Colonization by immigrant mosquito populations, 
including invasive species of Aedes mosquitoes, are likely to occur via these corridors. 
Concerning the maintenance of mosquito control operations in the buffer zone surrounding 
the city, strategic application of larvicides or ULV application at possible mosquito entry 
points (e.g., where each tributary to the Red River enters the urban area) may be an 
effective means of suppressing the establishment of new mosquito populations. 
Alternatively, if there are resources to regularly identify all mosquito species sampled at 
these points, this may be the best way to detect an invasive species early. 
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 While there were only four Cx. tarsalis mosquitoes recaptured during both MRR 
study years, three of these were recaptured at traps where there was little vegetative cover. 
This corroborates the conclusions inferred by the spatial analyses on the distribution of Cx. 
tarsalis, a West Nile virus vector, where models predicted that their activity level would 
be correlated with larger areas of bare ground, grass or cultivated land cover. This suggests 
that artificial containers and undrained areas, rather than floodplains, may pose the biggest 
hazards for development of high Cx. tarsalis populations. As 5 km was the upper limit of 
Cx. tarsalis recaptures in the MRR studies of 2016 and 2017, it is the minimum width for 
suppression of Cx. tarsalis populations within Winnipeg.  
 Overall, the MRR experiments and spatial analyses highlight a mosquito abatement 
challenge with respect to the usefulness of the buffer zone. As Ae. vexans and Cx. tarsalis 
are currently the primary focus of mosquito control efforts in Winnipeg, all potential larval 
habitats within the buffer zone would require treatment or removal to prevent large scale 
dispersal into the city. This would necessitate comprehensive treatment or removal of all 
possible larval habitats for these two species. Given the difference in habitat preference 
seen in the risk maps generated for Ae. vexans and Cx. tarsalis, this would call for resources 
likely beyond what is available.  
 Further problems arise when we consider intricacies of their life cycles; Ae. vexans 
habitats are not always identifiable unless larvae are developing, as soils where female 
oviposit only become larval habitats when periodically flooded. Similarly, many of the 
artificial containers used by Cx. tarsalis as larval habitats are only available when enough 
standing water accumulates within them. Access to potential larval habitats on private 
property, as well as difficulty detecting cryptic habitats (e.g., small ephemeral puddles and 
containers) with current technology creates further challenges for mosquito control efforts 
intending to treat all larval habitats within the buffer zone. While these studies allow for 
an improved understanding of mosquito ecology in the Winnipeg area, their usefulness for 
ICB in making control decisions is not yet clear. However, local knowledge of habitats 
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Appendix I. List of mosquito species collected as larvae and/or as adults within the Winnipeg control zone (as of 2020). 
 
Aedes (Ochlerotatus) abserratus (Felt and Young, 1904)  Aedes (Ochlerotatus) trivittatus (Coquillett, 1902) 
Aedes (Ochlerotatus) campestris (Dyar and Knab, 1907)  Aedes vexans (Meigen, 1830) 
Aedes (Ochlerotatus) canadensis (Theobald, 1901)  Aedes (Ochlerotatus) ventrovittis (Dyar, 1916) 
Aedes (Ochlerotatus) communis (De Geer, 1976)    
Aedes cinereus Meigen, 1818  Anopheles earlei Vargas, 1943 
Aedes (Ochlerotatus) diantaeus (Howard, Dyar and Knab, 1913)  Anopheles punctipennis  (Say, 1823) 
Aedes (Ochlerotatus) dorsalis (Meigen, 1830)  Anopheles walkeri  (Theobald, 1901) 
Aedes (Ochlerotatus) euedes (Howard, Dyar and Knab, 1913)    
Aedes (Ochlerotatus) excrucians (Walker, 1856)  Coquillettidia perturbans (Walker, 1856) 
Aedes (Ochlerotatus) fitchii (Felt and Young, 1904)    
Aedes (Ochlerotatus) flavescens (Muller, 1764)  Culex restuans Theobald, 1901 
Aedes (Ochlerotatus) hendersoni (Cockerell, 1918)  Culex tarsalis Coquillett, 1896 
Aedes (Ochlerotatus) implicatus (Vockeroth, 1954)  Culex territans Walker, 1856 
Aedes (Ochlerotatus) intrudens (Dyar, 1919)    
Aedes (Ochlerotatus) mercurator (Dyar, 1920)  Culiseta alaskaensis (Ludlow, 1906) 
Aedes (Ochlerotatus) nigromaculis (Ludlow, 1906)  Culiseta impatiens (Walker, 1848) 
Aedes (Ochlerotatus) pionips (Dyar, 1919)  Culiseta inornata (Williston, 1893) 
Aedes (Ochlerotatus) provocans (Walker, 1848)  Culiseta melanura (Coquillett, 1902) 
Aedes (Ochlerotatus) punctor (Kirby, 1837)  Culiseta minnesotae Barr, 1957 
Aedes (Ochlerotatus) riparius (Dyar and Knab, 1907)  Culiseta morsitans (Theobald, 1901) 
Aedes (Ochlerotatus) spencerii (Theobald, 1901)    
Aedes (Ochlerotatus) sticticus (Meigen, 1838)  Uranotaenia sapphirina (Osten Sacken, 1868) 
Aedes (Ochlerotatus) stimulans (Walker, 1848)    
Aedes (Ochlerotatus) triseriatus (Say, 1823)    
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Appendix II. Descriptions of all numbered trap locations and their immediate surroundings. Nearest waterway is specified in parentheses 
after distance – A = Assiniboine River, LS = La Salle River, R = Red River, S = Seine River and SC = Sturgeon Creek. Traps which were 




release site (km) 
Direction from 
release site 
Distance to nearest 
waterway (km) 
Land cover Land use 
1 0.2 NNE 0.45 (LS) grass / herbaceous agricultural tree nursery 
2 MLT 0.4 NNW 0.22 (LS) tree canopy residential yard 
3 1.0 E 0.25 (R) tree canopy residential yard 
4 MLT 1.3 NNW 0.15 (R) grass / herbaceous recreational golf course 
5 MLT 2.0 SW 0.16 (LS) tree canopy recreational campground 
6 MLT 2.1 ENE 0.85 (R) grass / herbaceous agricultural rural yard 
7 MLT 2.5 WNW 1.65 (LS) grass / herbaceous agricultural near road 
8 2.7 SE 0.10 (R) tree canopy residential yard 
9 3.1 ESE 0.15 (R) tree canopy residential yard 
10 3.3 SSE 0.32 (R) grass / herbaceous municipal community centre 
11 3.6 N 0.05 (R) tree canopy residential yard 
12 3.7 SSW 1.30 (LS) grass / herbaceous agricultural rural yard 
13 4.4 NNE 0.68 (R) bare ground commercial garden 
14 4.7 SE 0.56 (R) tree canopy residential yard 
15 4.9 NNW 2.07 (R) grass / herbaceous residential yard 
16 6.0 NNE 0.10 (R) tree canopy recreational open space 
17 7.8 ENE 0.63 (S) tree canopy agricultural rural yard 
18 8.1 NNE 1.5 (R) grass / herbaceous municipal fire station 
19 8.7 NNW 2.35 (R) grass / herbaceous municipal fire station 
20 9.3 N 0.18 Y tree canopy recreational open space 
21 9.9 NNE 0.46 (S) grass / herbaceous residential yard 
22 11.8 NE 2.40 (S) grass / herbaceous residential yard 
23 12.7 NNW 2.20 (A) grass / herbaceous residential yard 
24 13.1 NNE 0.17 (S) tree canopy recreational golf course 
25 13.5 WNW 9.89 (A) grass / herbaceous residential yard 








release site (km) 
Direction from 
release site 
Distance to nearest 
waterway (km) 
Land cover Land use 
27 14.6 N 0.50 (R) grass / herbaceous residential yard 
28 15.4 N 0.25 (A) grass / herbaceous residential yard 
29 15.5 NW 1.00 (A) grass / herbaceous residential yard 
30 15.5 NNW 0.45 (A) tree canopy recreational open space 
31 15.7 NE 6.75 (S) grass / herbaceous agricultural cemetery 
32 16.0 NNW 0.45 (A) grass / herbaceous residential yard 
33 16.6 NW 3.05 (A) bare ground municipal water plant 
34 17.8 N 0.83 (R) bare ground municipal government office 
35 17.9 NNE 4.57 (S) grass / herbaceous residential yard 
36 19.4 NW 1.14 (SC) grass / herbaceous residential yard 
37 19.7 NNW 4.47 (A) grass / herbaceous municipal cemetery 
38 20.4 N 4.50 (R) grass / herbaceous residential yard 
39 20.8 NNE 6.46 (R) grass / herbaceous recreational open space 
40 21.0 NNE 3.00 (R) grass / herbaceous residential yard 
41 21.4 NNE 8.75 (R) grass / herbaceous residential yard 
42 21.5 N 0.19 (R) tree canopy recreational open space 
43 21.5 NW 0.85 (A) grass / herbaceous commercial car dealership 
44 22.3 N 0.53 (R) tree canopy recreational open space 
45 23.3 NNE 1.65 (R) grass / herbaceous residential yard 
46 23.7 N 2.91 (R) grass / herbaceous residential yard 
47 23.9 N 3.35 (R) grass / herbaceous municipal sewage plant 
48 24.0 NW 0.13 (A) tree canopy residential yard 
49 25.0 NNW 7.35 (SC) bare ground municipal open space 
50 26.4 NNE 0.65 (R) grass / herbaceous residential yard 
51 27.9 N 0.12 (R) grass / herbaceous residential yard 
52* 7.8 N 0.10 (R) grass / herbaceous residential yard 
53* 20.8 NW 0.15 (A) grass / herbaceous recreational golf course 
 *trap was only operational in the MRR study period of 2016. 
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Appendix III. Summary of estimated numbers of marked mosquitoes released per rearing pool by release day (2016).  
Number of marked mosquitoes was based on visual estimates of minimum and maximum. 
Pool 
Adults marked and released 
June 11th June 13th June 14th June 16th Total 
min max min max min max min max min max 
1 2,000 3,000 1500 2000 700 800 300 400 4500 6200 
2 800 1,200 300 400 100 150 100 200 1300 1950 
3 800 1,200 1500 2000 400 500 100 200 2800 3900 
4 400 500 1500 2000 400 500 600 700 2900 3700 
5 0  0 0 0  N/A N/A  N/A N/A 0 0 
6 1,000 2,000 1000 1500 500 600 200 300 2700 4400 
7 200 300 400 500 900 1000 1000 1500 2500 3300 
8 800 1,200 700 800 600 700 700 800 2800 3500 
9 2,000 3,000 500 700 300 400 200 300 3000 4400 
10 0 0  0 0 0 0 0  0 0 0 
11 1,200 1,800 400 500 100 150 100 200 1800 2650 
12 500 1,000 1000 1200 500 600 400 500 2400 3300 
13 1,200 1,800 600 700 100 200 100 150 2000 2850 
14 2,000 3,000 1500 2000 300 400 300 400 4100 5800 
15 800 1,200 300 400 50 100 50 100 1200 1800 
16 200 300 700 800 200 300 300 400 1400 1800 
17 150 250 0 0  N/A N/A   N/A N/A  150 250 
18 300 400 500 600 100 150 100 150 1000 1300 
19 300 350 400 500 50 100 0 0 750 950 
20 0 0 50 100 50 100 300 400 400 600 
21 0 0 0 0 0 0 0 0 0 0 
22 0 0 150 200 400 500 400 500 950 1200 
23 250 350 300 400 300 400 500 600 1350 1750 
24 300 400 800 1000 400 500 500 600 2000 2500 
25 0 0 100 200 0 0 50 100 150 300 





Appendix IV. Summary of marked mosquitoes released per rearing pool by release day (2017). Number of marked mosquitoes was based on 
manual counts at the time of release, except for those on August 1st, which were based on counts from photos of the screened enclosures at the 
time of release. 
Pool 
Adults marked and released 
August 1st August 8th August 14th August 16th Total 
1 253 0 154 0 407 
2 0 0 136 547 683 
3 267 0 226 198 691 
4 125 0 247 303 675 
5 0 538 0 726 1,264 
6 0 0 0 0 0 
7 208 1,899 536 1,644 4,287 
8 0 0 0 0 0 
9 0 811 1,169 1,079 3,059 
10 0 218 173 1,067 1,458 
11 0 0 0 393 393 
12 245 1,086 617 1,110 3,058 
13 61 0 0 465 526 
14 0 982 748 0 1,730 
15 221 0 0 0 221 
16 164 232 104 0 500 
17 0 2,449 432 776 3,657 
18 0 0 188 588 776 
19 208 0 89 0 297 
20 0 0 0 0 0 
21 0 0 208 1,099 1,307 
22 0 832 190 972 1,994 
23 0 0 43 277 320 
24 0 0 216 140 356 
25 0 453 247 564 1,264 




Appendix V.  Precipitation, air temperature, relative humidity, and wind velocity recorded at Winnipeg International Airport during the mark-
release-recapture study period in 2016. Mean nightly variables were calculated between 20:00 h of the previous day and 5:00 of the 
corresponding day shown. Continued on the next page. 
Date 
Days since 









Wind velocity (m/s) 
Night Day 
Night Day Night Day Mean Max Mean Max 
June 11 0 / 0  - 15.4 - 62 - - 6.4 NE 8.1 N 
 12 1 / 1 11.2 15.2 15 60 75 4.6 E 6.7 ESE 6.4 SE 11.4 ESE 
 13 2 / 0  13.3 22.8 90 49 2.8 S 3.3 S 2.3 W 3.3 WSW 
 14 3 / 0  16.9 22.0 71 55 2.4 SSE 3.6 SE 4.9 SE 7.5 ESE 
 15 4 / 1  17.8 21.1 76 66 2.5 NE 3.1 NE 4.3 NNE 6.1 NNE 
 16  5 / 0  15.8 20.2 85 73 3.1 ESE 5.6 ESE 6.2 SE 10 ESE 
 17 6 / 1 7.9 20.7 22.3 81 68 3.1 SSE 5.6 S 3.7 WNW 5.6 NW 
 18 7 / 2  15.9 21.6 73 54 3.4 WSW 4.4 W 3.8 SSW 5.8 S 
 19 8 / 3 27.5 18.7 23.0 80 72 3.5 SE 5.6 SE 6.4 WSW 13.3 W 
 20 9 / 4  14.7 19.1 73 53 6.2 W 10.6 W 6.9 WNW 10 NW 
 21 10 / 5  13.1 18.8 82 57 2.9 W 3.9 W 4.0 NNW 6.1 NNW 
 22 11 / 6 0.9 14.3 17.2 77 70 2.1 ENE 4.4 E 2.6 N 4.4 N 
 23 12 / 7  12.6 22.7 84 54 3.4 W 4.2 W 4.2 WSW 5.6 WSW 
 24 13 / 8  17.4 23.6 77 60 3.4 SSW 4.2 S 5.6 SSE 7.2 SSE 
 25 14 / 9 22.9 21.2 22.5 78 69 5.3 ESE 6.1 ESE 6.7 SW 9.2 W 
 26 15 / 0 9.6 15.7 15.0 75 87 5.6 SW 6.9 SW 8.4 WNW 10.8 WNW 
 27 16 / 11  11.1 17.4 88 64 4.8 NNW 6.7 NW 2.3 NNW 3.3 N 
 28 17 / 12  13.6 21.0 84 65 2.1 WSW 3.6 SW 3.8 WSW 5.6 SW 
 29 18 / 13 2.4 19.5 21.6 80 71 4.2 WSW 5.3 WSW 4.3 NNW 6.9 NE 
 30 19 / 14  13.4 14.8 86 66 4.4 NNW 5.6 N 5.9 N 7.2 N 
July 1 20 /15  8.7 18.5 84 54 1.6 WNW 3.1 W 2.3 SW 3.9 WSW 
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Wind velocity (m/s) 
Night Day 
Night Day Night Day Mean Max Mean Max 
July 2 21 / 16  15.5 21.8 72 51 2.0 SSE 2.5 SSE 3.5 SSE 4.4 S 
 3 22 / 17 2.1 17.7 20.8 74 78 2.7 SSE 3.3 SSE 4.0 SE 5.3 S 
 4 23 / 18 22.2 18.7 23.6 81 74 4.5 S 5.3 S 4.8 SW 9.4 WSW 
 5 24 / 19 0.8 16.4 20.2 89 79 2.1 WSW 3.9 W 2.8 W 4.2 WSW 
 6 25 / 20 0.2 13.7 18.9 94 70 2.1 WNW 2.8 NW 3.3 NNW 4.7 NNW 
 7 26 / 21  15.4 19.0 81 70 2.6 ENE 3.6 NE 3.5 ENE 4.2 NE 
 8 27 / 22  15.3 21.4 90 69 2.8 NNW 4.2 NNE 3.3 N 5 N 
 9 28 / 23 2 15.3 21.5 90 73 1.1 ENE 2.2 S 3.5 SSE 5.3 SE 
 10 29 / 24  18.6 22.3 89 80 3.3 SE 4.7 SSE 3.7 SSE 5.6 SSE 
 11 30 / 25 3.9 21.3 22.6 84 80 4.1 SE 6.4 SSE 3.5 SE 6.4 ESE 
 12 31 / 26 7.8 19.0 19.3 91 81 4.9 S 7.5 S 6.6 SW 8.9 SW 
 13 32 / 27 5.4 17.3 17.8 92 90 8.3 WSW 10.8 W 7.1 WNW 8.3 WNW 
 14 33 / 28 0.2 14.9 19.0 91 65 5.3 NNW 6.1 NNW 4.8 NNW 6.1 NNW 
 15 34 / 29 0.2 11.5 19.9 87 54 2.1 NNW 3.1 NNW 1.8 N 2.8 ENE 
 16 35 / 30 0.7 14.5 20.3 82 78 1.8 S 2.8 S 3.7 SSW 5.6 S 
 17 36 / 31 5.5 15.2 20.0 95 74 1.5 SSW 2.2 SSW 4.9 NW 8.1 N 
 18 37 / 32 NA 13.6 19.8 85 64 1.9 NNE 3.6 NE 1.7 SE 3.6 NE 
 19 38 / 33  17.3 24.5 82 72 3.6 SSE 4.2 SSE 5.3 SSE 7.8 S 
 20 39 / 34 19.5 22.1 27.4 81 76 6.4 S 9.4 S 3.9 SSW 6.4 S 
 21 40 / 35  18.0 25.6 91 63 4.3 SW 10.0 NE 5.4 W 8.3 W 
 22 41 / 36  20.4 24.2 79 64 4.2 WSW 5.6 WSW 4.4 NW 5.6 WNW 
 23 42 / 37 12.2 19.0 20.9 80 81 2.3 ESE 5.3 SE 5.2 SE 6.7 SE 
 24 43 / 38  18.2 21.7 92 71 4.6 WSW 5.6 W 6.8 WNW 8.6 WNW 
 25 44 / 39  16.5 24.3 91 63 2.8 WSW 3.6 WSW 3.2 WSW 4.2 W 
  Total 165.1            
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Appendix VI.  Precipitation, air temperature, relative humidity, and wind velocity recorded at Winnipeg International Airport during the mark-
release-recapture study period in 2017. Mean nightly variables were calculated between 20:00 h of the previous day and 5:00 of the 
corresponding day shown. Continued on the next page. 
Date 
Days since 









Wind velocity (m/s) 
Night Day 
Night Day Night Day Mean Max Mean Max 
Aug 1 0 / 0  - 22.5 - 59 - - 5.3 NNW 6.9 NW 
 2 1 / 1  12.1 17.7 85 68 2.0 N 3.3 N 3.1 NNE 4.7 NNE 
 3 2 / 2   9.3 19.9 89 52 2.2 NW 3.3 NW 2.4 NW 3.3 NW 
 4 3 / 3  10.8 20.4 81 58 2.3 W 3.1 W 2.0 WNW 5.6 NE 
 5 4 / 4 NA 10.9 20.8 90 55 1.2 W 2.2 W 3.7 N 6.1 N 
 6 5 / 5 NA 11.7 21.3 81 45 2.4 NNE 3.6 N 2.0 NNE 3.3 ENE 
 7 6 / 6 NA 12.7 23.5 79 50 1.6 WNW 3.3 WSW 4.9 WNW 6.4 W 
 8 7 / 0 NA 16.2 18.7 85 79 2.7 N 6.4 N 1.8 NE 2.2 E 
 9 8 / 1 NA NA 17.8 NA 84 na na na na 4.1 NE 5.6 NNE 
 10 9 / 2  13.9 21.2 89 49 2.1 N 3.1 N 3.5 NNE 5.3 NNE 
 11 10 / 3  10.4 22.3 89 45 1.5 WNW 2.5 WNW 1.5 N 2.5 ENE 
 12 11 / 4  13.4 23.0 79 44 1.5 SSE 2.5 S 1.5 WNW 2.5 W 
 13 12 / 5  12.8 23.8 83 42 1.1 WSW 1.9 SSW 1.7 ENE 3.1 NNE 
 14 13 / 0  15.8 23.8 80 51 2.3 SSE 3.3 SSW 2.1 N 3.3 NNE 
 15 14 / 1 0.4 16.2 22.9 84 60 1.8 SE 3.1 S 3.6 S 5.6 S 
 16 15 / 2 2.4 17.7 21.3 89 65 1.0 ESE 1.7 S 2.6 SE 3.9 ESE 
 17 16 / 0  14.6 21.9 90 58 2.0 S 3.6 ESE 2.7 WNW 5.6 WNW 
 18 17 / 1 1.2 15.4 23.5 74 51 1.9 SW 4.7 W 3.9 WNW 5.6 WNW 
 19 18 / 2  16.1 25.7 71 48 1.6 SSW 3.1 SSW 5.9 S 9.4 S 
 20 19 / 3  20.5 21.5 67 42 5.4 W 8.1 S 5.4 WNW 6.9 W 
 21 20 / 4 1.4 16.0 15.8 57 78 2.6 SW 4.2 SW 2.8 NE 5.0 NNE 
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Wind velocity (m/s) 
Night Day 
Night Day Night Day Mean Max Mean Max 
 22 21 / 5  10.6 17.9 88 61 3.4 W 4.4 W 6.1 NW 9.4 NNW 
 23 22 / 6 2.2 9.3 13.7 94 83 1.7 WNW 2.8 W 2.5 E 3.6 ESE 
 24 23 / 7  6.1 17.3 96 53 1.1 ENE 2.8 ENE 4.0 NE 5.6 ESE 
 25 24 / 8  14.1 21.5 64 56 4.8 SE 5.8 SE 5.8 SSE 7.0 SSE 
 26 25 / 9  18.7 18.1 77 79 3.2 SE 5.0 SSW 1.6 SSE 2.5 SE 
 27 26 / 10  15.0 22.6 91 54 1.4 W 2.2 N 2.9 NW 5.0 WNW 
 28 27 / 11  14.7 26.3 72 38 2.1 SW 2.8 WSW 2.2 S 4.2 S 




Appendix VII. Daily breakdown of recaptured mosquitoes in 2016 by minimum and maximum days since release. All traps collections were 








Daily total Cumulative total 
Cumulative % of total 
recaptured 
June 14 3 / 0 2 1 3 3 3.8 
 15 4 / 1 4  4 7 8.9 
 16 5 / 0  1 1 8 10.1 
 17 6 / 1 10 4 14 22 27.8 
 18 7 / 2 7 1 8 30 38.0 
 19 8 / 3  2 1 3 33 41.8 
 20 9 / 4    33 41.8 
 21 10 / 5 1 1 2 35 44.3 
 22 11 / 6    35 44.3 
 23 12 / 7    35 44.3 
 24 13 / 8    35 44.3 
 25 14 / 9 4  4 39 48.1 
 26 15 / 10 2  2 41 51.9 
 27 16 / 11 1  1 42 53.2 
 28 17 / 12 2  2 44 55.7 
 29 18 / 13 2  2 46 58.2 
 30 19 / 14 4  4 50 63.3 
July 1 20 / 15 na na na 50 63.3 
 2 21 / 16 16 3 19 69 87.3 
 3 22 / 17 na na na 69 87.3 













Daily total Cumulative total 
Cumulative % of total 
recaptured 
July 5 24 / 19    70 88.6 
 6 25 / 20 3 2 5 75 94.9 
 7 26 / 21 1  1 76 96.2 
 8 27 / 22 1  1 77 97.4 
 9 28 / 23    77 97.4 
 10 29 / 24    77 97.4 
 11 30 / 25 1  1 78 98.7 
 12 31 / 26    78 98.7 
 13 33 / 27    78 98.7 
 14 33 / 28    78 98.7 
 15 34 / 29    78 98.7 
 16 35 / 30    78 98.7 
 17 36 / 31    78 98.7 
 18 37 / 32    78 98.7 
 19 38 / 33    78 98.7 
 20 39 / 34    78 98.7 
 21 40 / 35    78 98.7 
 22 41 / 36    78 98.7 
 23 42 / 37    78 98.7 
 24 43 / 38 1  1 79 100 
 25 44 / 39    79 100 
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Appendix VIII. Number of marked and unmarked mosquitoes captured per 2 km radius from the release site from June 13th to July 25th, 2016. 
Numbers of total mosquitoes trapped exclude those recaptured. Continued on the next page. 
Distance from 















0 – 2.0 1 25 9 34 1,241 465 1,706 
2.0 – 4.0 11 20 2 22 2,765 594 3,359 
4.0 – 6.0 13 5  5 460 85 545 
15    405 71 476 
16    3,101 233 3,334 
6.0 – 8.0 52 12 3 15 6,083 506 6,589 
17    4,633 2,575 7,208 
8.0 – 10.0 18    1,342 415 1,757 
19    255 76 331 
20    2,061 177 2,238 
21 1  1 1,196 208 1,404 
10.0 – 12.0 22    347 66 413 
12.0 – 14.0 23    2,519 241 2,760 
24    2,023 199 2,222 
25    956 885 1,841 
14.0 – 16.0 26    785 113 898 
27    283 80 363 
28    460 85 545 
29    5,484 1,052 6,536 
30    4,926 355 5,281 
31    1,132 138 1,270 




Appendix VIII. Continued from previous page. 
Distance from 













Total mosquitoes trapped 
16.0 – 18.0 33    998 773 1,771 
 34    803 143 946 
 
35 1  1 1,759 570 2,329 
18.0 – 20.0 36    2,594 237 2,831 
 
37    2,107 232 2,339 
20.0 – 22.0 38    707 236 9,43 
 39    1,098 185 1,283 
 53    5,134 1,785 6,919 
 40    1,499 230 1,729 
 41    630 117 7,47 
 
42    4,399 739 5,138 
22.0 – 24.0 44 1   3,316 843 4,159 
 45    1,147 148 1,295 
 46    1,927 241 2,168 
 47    2,184 492 2,676 
 48    6,52 142 794 
 
49    6,265 1,297 7,562 
24.0 – 26.0 50    3,438 1,204 4,642 
26.0 – 28.0 51 1  1 3,803 520 4,323 
Total  65 14 79 88,823 18,985 109,409 
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Appendix IX. List of recaptured mosquitoes in 2016, ordered by date, trap location, species, and sex. 












by no. days Species Sex 
 Min. Max. 
1 June 14 3 / 0 1 0.2 0.07 0.2 Ae. vexans F 
2  14 3 / 0     Ae. vexans M 
3  14 3 / 0 11 3.6 1.20 3.60 Ae. vexans F 
4  15 4 / 1   0.90 3.60 Ae. vexans F 
5  15 4 / 1     Ae. vexans F 
6  15 4 / 1     Ae. vexans F 
7  15 4 / 1     Ae. vexans F 
8  16 5 / 0 1 0.2 0.04 0.10 Ae. vexans M 
9  17 6 / 1   0.03 0.20 Ae. vexans F 
10  17 6 / 1     Ae. vexans F 
11  17 6 / 1     Ae. vexans F 
12  17 6 / 1     Ae. vexans F 
13  17 6 / 1     Ae. vexans M 
14  17 6 / 1     Ae. vexans M 
15  17 6 / 1 11 3.6 0.60 3.60 Ae. vexans F 
16  17 6 / 1     Ae. vexans F 
17  17 6 / 1     Ae. vexans F 
18  17 6 / 1 52 7.8 1.30 7.80 Ae. vexans F 
19  17 6 / 1     Ae. vexans F 
20  17 6 / 1     Ae. vexans M 
21  17 6 / 1      Ae. vexans M 
22  17 6 / 1 21 9.9 1.65 9.90 Ae. vexans F 
23  18 7 / 2 1 0.2 0.03 0.10 Ae. vexans F 
24  18 7 / 2     Ae. vexans F 
25  18 7 / 2     Ae. vexans F 
26  18 7 / 2     Ae. vexans M 
27  18 7 / 2 11 3.6 0.51 1.80 Ae. vexans F 
28  18 7 / 2     Ae. vexans F 
29  18 7 / 2     Ae. vexans F 
30  18 7 / 2 13 4.4 0.63 2.20 Ae. vexans F 
31  19 8 / 3  11 3.6 0.45 1.20 Ae. vexans F 
32  19 8 / 3     Ae. vexans M 
33  19 8 / 3 52 7.8 0.98 2.60 Ae. vexans F 
34  21 10 / 5 1 0.2 0.02 0.04 Ae. vexans F 
35  21 10 / 5 11 3.6 0.36 0.72 Ae. vexans M 
36  25 14 / 9     Ae. vexans F 
37  25 14 / 9     Ae. vexans F 
38  25 14 / 9 52 7.8 0.56 0.87 Ae. vexans F 
39  25 14 / 9 35 17.9 1.28 1.99 Ae. vexans F 
40  26 15 / 10 1 0.2 0.01 0.02 Cq. perturbans F 
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41  26 15 / 10 13 4.4 0.29 0.44 Ae. vexans F 
42  27 16 / 11 11 3.6 0.23 0.33 Ae. vexans F 
43  28 17 / 12 52 7.8 0.46 0.65 Ae. vexans F 
44  28 17 / 12 51 26.4 1.55 2.20 Cq. perturbans F 
45  29 18 / 13 11 3.6 0.20 0.28 Ae. vexans F 
46  29 18 / 13     Cq. perturbans F 
47  30 19 / 14 1 0.2 0.01 0.01 Ae. vexans F 
48  30 19 / 14     Ae. (Oc.) trivittatus F 
49  30 19 / 14 11 3.6 0.19 0.26 Ae. vexans F 
50  30 19 / 14     Ae. vexans F 
51 July 2 21 / 16 1 0.2 0.01 0.01 Ae. vexans F 
52  2 21 / 16     Ae. vexans F 
53  2 21 / 16     Ae. vexans F 
54  2 21 / 16     Ae. vexans F 
55  2 21 / 16     Ae. vexans F 
56  2 21 / 16     Ae. vexans F 
57  2 21 / 16     Ae. vexans F 
58  2 21 / 16     Ae. vexans M 
59  2 21 / 16     Ae. vexans M 
60  2 21 / 16     Cq. perturbans F 
61  2 21 / 16     Cx. restuans F 
62  2 21 / 16 13 4.4 0.21 0.23 Ae. vexans F 
63  2 21 / 16     Ae. vexans F 
64  2 21 / 16     Cx. tarsalis F 
65  2 21 / 16 52 7.8 0.37 0.49 Ae. vexans F 
66  2 21 / 16     Ae. vexans F 
67  2 21 / 16     Ae. vexans F 
68  2 21 / 16     Ae. vexans M 
69  2 21 / 16     Cq. perturbans F 
70  4 23 / 18 1 0.2 0.01 0.01 Cq. perturbans F 
71  6 25 / 20     Ae. vexans F 
72  6 25 / 20     Ae. vexans F 
73  6 25 / 20     Ae. vexans F 
74  6 25 / 20     Ae. vexans M 
75  6 25 / 20     Unknown M 
76  7 26 / 21 11 3.6 0.14 0.17 Ae. vexans F 
77  8 27 / 22 52 7.8 0.29 0.35 Cq. perturbans F 
78  11 30 / 25   0.26 0.31 Ae. vexans F 
79  24 43 / 38   0.18 0.21 Ae. vexans F 
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Appendix X. Detailed summary of recaptures by colour (2017) Colours are listed in chronological order of release. All experiments ended on 
August 28th, but only the last day where mosquitoes were recaptured in this period are shown. 









Cumulative total Cumulative % 
 August 1 0    - - 
Orange 
 2 1    - - 
 3 2 9 1 10 10 20.4 
 4 3 3 1 4 14 28.6 
 5 4    14 28.6 
 6 5    14 28.6 
 7 6    14 28.6 
 8 7 1  1 15 30.6 
 9 8 1 1 2 17 34.7 
 10 9    17 34.7 
 11 10    17 34.7 
 12 11 3  3 20 40.8 
 13 12 4 1 5 25 51.0 
 14 13 4 1 5 30 61.2 
 15 14 6  6 36 73.5 
 16 15    36 73.5 
 17 16    36 73.5 
 18 17 2  2 38 77.6 
 19 18 1 1 2 40 81.6 
 20 19 2  2 42 85.7 





Appendix X. Continued from previous page. 









Cumulative total Cumulative % 
Yellow 
August 8 0    - - 
 9 1 4  4 4 3.85 
 10 2 8 6 14 18 17.3 
 11 3 8 9 17 35 33.7 
 12 4 2 2 4 39 37.5 
 13 5 1 1 2 41 39.4 
 14 6 2  2 43 41.3 
 15 7 8 8 16 59 56.7 
 16 8 3 1 4 63 60.6 
 17 9 1  1 64 61.5 
 18 10    64 61.5 
 19 11 3 1 4 68 65.4 
 20 12 5 7 12 80 76.9 
 21 13 22 1 23 103 99.0 
 22 14    103 99.0 
 23 15    103 99.0 
 24 16    103 99.0 
 25 17    103 99.0 
 26 18 1  1 104 100 
Pink 
August 14 0    - - 
 15 1 3 1 4 4 19.0 
 16 2 3 1 4 8 38.1 
 17 3  2 2 10 47.6 




Appendix X. Continued from previous page. 







Daily total Cumulative total Cumulative % 
Pink 
August 19 5 3  3 14 66.7 
 20 6 1  1 15 71.4 
 21 7 4 1 5 20 95.2 
 22 8    20 95.2 
 23 9 1  1 21 100 
 August 17 0    - - 
  18 1    - - 
Blue 
 19 2 1 1 2 2 11.1 
 20 3 6 3 9 11 61.1 
 21 4 2 1 3 14 77.7 
 22 5 1  1 15 83.3 
 23 6  1 1 16 88.9 
 24 7 1  1 17 94.4 
 25 8    17 94.4 




Appendix XI. Daily breakdown recaptured mosquitoes by colour (2017). Traps collections were collected every day. Releases were on August 
1st, 8th, 14, and 17th. Continued on the next page. 
Month Day 
Total # mosquitoes recaptured 
Orange Yellow Pink Blue Total 
August 1  - - -  
 2  - - -  
 3 10 - - - 10 
 4 4 - - - 4 
 5  - - -  
 6  - - -  
 7  - - -  
 8 1 - - - 1 
 9 2 4 - - 6 
 10  14 - - 14 
 11  17 - - 17 
 12 3 4 - - 7 
 13 5 2 - - 7 
 14 5 2 - - 7 
 15 6 16 4 - 26 
 16  4 4 - 8 
 17  1 2 - 3 
 18 2  1 - 3 
 19 2 4 3 2 11 
 20 2 12 1 9 24 
 21 7 23 5 3 38 
 22    1 1 
 23   1 1 2 
 24    1 1 
 26  1  1 2 
 27      
 28      
Total 49 104 21 18 192 
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Appendix XII. Timeline of recaptured mosquitoes in 2017. Traps collections were collected every day. Combined results from all releases are 
shown. Releases were on August 1st, 8th, 14th, and 17th.  
Trap days 
elapsed 
Females recaptured Males recaptured Daily total Cumulative total 
Cumulative % of 
total recaptured 
1 7 1 8 8 4.2 
2 20 8 28 36 18.8 
3 12 13 25 61 31.8 
4 9 5 14 75 39.1 
5 6 2 8 83 43.2 
6 4  4 87 45.3 
7 13 10 23 110 57.3 
8 5 2 7 117 60.9 
9 2  2 119 62.0 
10 1  1 120 62.5 
11 6 1 7 127 66.1 
12 9 8 17 144 75.0 
13 26 2 28 172 89.6 
14 6  6 178 92.7 
15    178 92.7 
16    178 92.7 
17 2  2 180 93.8 
18 2 1 3 183 95.3 
19 2  2 185 96.4 
20 5 2 7 192 100 
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Appendix XIII. Number of marked and unmarked mosquitoes captured per 2 km radius interval from the release site from August 1st to 28th, 
2017. Numbers of total mosquitoes trapped exclude those marked and recaptured. An asterisk identifies a trap as a miniature light trap (MLT). 
Continued on the next page. 
Distance from 














0 – 2.0 1 3  3 35 11 46 
2* 9 10 19 31 78 109 
3 15 17 32 143 477 620 
4* 6 1 7 9 9 18 
5* 5 3 8 21 20 41 
2.1 – 4.0 6* 6 1 7 13  13 
7* 2  2 7 4 11 
8 6 2 8 26 19 45 
9 8 2 10 99 70 169 
10 3  3 14 6 2 
11 11 14 25 72 126 198 
12 45  45 149 24 173 
4.1 – 6.0 13 8  8 67 21 88 
14 4 4 8 78 54 132 
15    7 3 10 
16    28 29 57 
6.1 – 8.0 17    40 27 67 
8.1 – 10.0 18    1 2 3 
19    25 19 44 
20    23 53 76 
21    40 38 78 
10.1 – 12.0 22    30 21 51 
12.1 – 14.0 23 1  1 104 51 155 
24    57 69 126 
25    35 20 55 
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Appendix XIII. Continued from previous page. 
Distance from 














14.1 – 16.0 26    81 23 104 
27 1 1 2 47 98 145 
28 2  2 70 37 107 
29    130 55 185 
30    38 14 52 
31    20 5 25 
32    116 68 184 
16.1 – 18.0 33    20 17 37 
34    12 15 27 
35    80 43 123 
18.1 – 20.0 36    74 79 153 
37    171 54 225 
20.1 – 22.0 38    39 28 67 
39    26 9 35 
40 1  1 169 58 227 
41    38 30 68 
42    251 100 351 
43    45 33 78 
22.1 – 24.0 44    122 147 269 
45    130 3 133 
46    134 105 239 
47    98 36 134 
48    11 3 14 
49    82 99 181 
24.1 – 26.0 50    117 51 168 
26.1 – 28.0 51 1 0 1 128 98 226 
Total  137 55 192 3368 2559 5944 
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Appendix XIV. List of recaptured mosquitoes in 2017, ordered by date, trap location, species and sex and release colour. In chronological 





Trap no. km from release site 
km divided 
by no. days 
Species Sex Colour 
 
1 August 3 2 7 2.6 1.30 Cs. inornata F O 
2    9 3.1 1.55 Ae. vexans F  
3    11 3.6 1.80 Ae. vexans M  
4       Cs. inornata F  
5    12 3.7 1.85 Cs. inornata F  
6       Cs. inornata F  
7       Cs. inornata F  
8       Cs. inornata F  
9    14 4.7 2.35 Ae. vexans F  
10       Cx. tarsalis F  
11  4 3 2 0.4 0.13 Cs. inornata F  
12    3 1.0 0.33 Ae. (Oc.) sticticus M  
13    5 2.0 0.67 Cs. inornata F  
14    13 4.4 1.47 Cx. tarsalis F  
15  8 7 1 0.2 0.03 Ae. (Oc.) dorsalis F  
16  9 8 9 3.1 0.39 Cq. perturbans M  
17    10 3.3 0.41 Ae. vexans F  
18   1 2 0.4 0.4 Ae. vexans F Y 
19    4 1.3 1.3 Ae. vexans F  
20    12 3.7 3.7 Cs. inornata F  
21    51 26.4 26.4 Cq. perturbans F  
22  10 2 1 0.2 0.1 Cs. inornata F  
23    3 1.0 0.5 Ae. cinereus M  
24       Ae. vexans F  
25       Ae. vexans F  
26       Ae. vexans M  
27       Cq. perturbans F  
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Trap no. km from release site 
km divided 
by no. days 
Species Sex Colour 
28 August 10 2 5 2.0 1.0 Ae. vexans F Y 
29       Ae. vexans M  
30       Cu. minnesotae M  
31    6 2.1 1.05 Ae. vexans F  
32    8  1.35 Ae. vexans M  
33    12  1.85 Ae. vexans F  
34    14  2.35 Ae. vexans F  
35       Ae. vexans M  
36  11 3 3 1.0 0.33 Ae. vexans F  
37       Ae. vexans M  
38       Ae. vexans M  
39       Ae. vexans M  
40       Ae. vexans M  
41       Cq. perturbans M  
42       Cs. inornata F  
43       Cx. territans M  
44       Cx. territans M  
45    4 1.3 0.43 Ae. vexans F  
46    8 2.7 0.9 An. earlei F  
47    11 3.6 1.2 Ae. vexans M  
48       Cx. territans M  
49    13 4.4 1.47 Cs. inornata F  
50       Cs. inornata F  
51    28 15.4 5.13 Ae. vexans F  
52       Cx. restuans F  
53  12 11 4 1.3 0.12 Cq. perturbans F O 
54    12 3.7 0.34 An. earlei F  
55    13 4.4 0.40 Cx. restuans F  
56   4 6 2.1 0.52 Ae. vexans M Y 
57    12 3.7 0.93 Cu. minnesotae F  
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Trap no. km from release site 
km divided 
by no. days 
Species Sex Colour 
58 August 12 4 13 4.4 1.10 Ae. vexans F Y (cont’d) 
59    14 4.7 1.18 An. earlei M  
60  13 12 3 1.0 0.08 Ae. vexans F O 
61    9 3.1 0.26 Ae. vexans F  
62    10 3.3 0.28 An. earlei F  
63    11 3.6 0.30 Ae. vexans M  
64    12 3.7 0.31 Ae. vexans F  
65   5 9 3.1 0.62 An. earlei F Y 
66    11 3.6 0.72 Ae. vexans M  
67  14 13 2 0.4 0.03 Ae. vexans F O 
68       Cs. inornata F  
69    6 2.1 0.16 Ae. vexans F  
70    8 2.7 0.21 Cs. inornata F  
71    11 3.6 0.28 Ae. cinereus M  
72   6 4 1.3 0.22 Cu. minnesotae F Y 
73    12 3.7 0.62 Cs. inornata F  
74  15 14 2 0.4 0.03 Ae. (Oc.) sticticus F O 
75    5 2.0 0.14 Cx. territans F  
76    6 2.1 0.15 Ae. (Oc.) sticticus F  
77    8 2.7 0.19 Ae. vexans F  
78    11 3.6 0.26 Ae. (Oc.) sticticus F  
79    12 3.7 0.26 Cs. inornata F  
80   7 2 0.4 0.06 Ae. vexans F Y 
81       Ae. vexans M  
82       Cq. perturbans F  
83    3 1.0 0.14 Ae. cinereus M  
84       Ae. vexans M  
85       Ae. vexans M  
86       Cq. perturbans M  
87       Cx. territans F  
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Trap no. km from release site 
km divided 
by no. days 
Species Sex Colour 
88 August 15 7 6 2.1 0.30 Cq. perturbans F Y (cont’d) 
89    8 2.7 0.39 Ae. vexans F  
90      0.39 Ae. vexans F  
91    9 3.1 0.44 An. earlei F  
92      0.44 Cq. perturbans M  
93    11 3.6 0.51 Ae. vexans F  
94    14 4.7 0.67 Ae. vexans M  
95       An. earlei M  
96   1 2 0.4 0.40 Ae (Oc.) sticticus F P 
97    7 2.6 2.60 Cx. tarsalis F  
98    10 3.3 3.30 An. earlei F  
99    11 3.6 3.60 Cq. perturbans M  
100  16 8 9 3.1 0.93 Cu. minnesotae F Y 
101    11 3.6 0.45 Ae. vexans F  
102       Ae. vexans M  
103       Ae (Oc.) sticticus F  
104    3 1.0 0.50 Ae. vexans F P 
105    9 3.1 1.55 An. earlei F  
106    11 3.6 1.80 Ae. vexans M  
107    12 3.7 1.85 Ae. (Oc.) sticticus F  
108  17 9 9 3.1 0.34 Ae. vexans F Y 
109   3 4 1.3 0.43 Unknown M P 
110    11 3.6 1.20 Ae. vexans M  
111  18 17 6 2.1 0.12 Ae. vexans F O 
112    12 3.7 0.22 Cs. inornata F  
113   4  3.7 0.93 Cs. inornata F P 
114  19 18 3 1.0 0.06 Ae. vexans M O 
115       Cs. inornata F  
116   11 9 3.1 0.28 Cs. inornata F Y 
117    11 3.6 0.33 Ae.vexans M  
198 
 





Trap no. km from release site 
km divided 
by no. days 
Species Sex Colour 
118 August 19 11 11 3.6 0.33 Cs. inornata F Y (cont’d) 
119    13 4.4 0.40 Cs. inornata F  
120   5 3 1.0 0.2 Ae. vexans F P 
121       Cs. inornata F  
122    4 1.3 0.26 Cs. inornata F  
123   2 3 1.0 0.5 Ae. vexans M B 
124    12 3.7 1.85 Cs. inornata F  
125  20 19   0.19 Cs. inornata F O 
126       Cs. inornata F  
127   12 2 0.4 0.03 Ae. vexans M Y 
128       Ae. vexans M  
129       Ae. vexans M  
130       Ae. vexans M  
131       Ae. vexans M  
132       An. earlei M  
133       Cx. restuans M  
134    3 1.0 0.08 Ae. vexans F  
135    8 2.7 0.23 An. earlei F  
136    12 3.7 0.31 Cs. inornata F  
137       Oc. sticticus F  
138    14 4.7 0.39 Cs. inornata F  
139   6 12 3.7 0.62 Cs. inornata F P 
140   3 2 0.4 0.13 Cs. inornata M B 
141    3 1.0 0.33 Cs. inornata F  
142    5 2.0 0.67 Cs. inornata F  
143    11 3.6 1.20 Ae. vexans F  
144       Ae. vexans M  
145       Ae. vexans M  
146     3.7 1.23 Cu. minnesotae F  
147    12   Cs. inornata F  
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Trap no. km from release site 
km divided 
by no. days 
Species Sex Colour 
148 August 20 3 13 4.4 1.47 Cs. inornata F B (cont’d) 
149  21 20 3 1.0 0.05 Ae. vexans M O 
150    8 2.7 0.14 Cs. inornata M  
151    11 3.6 0.18 Ae. vexans F  
152       Cs. inornata F  
153    12 3.7 0.19 Cs. inornata F  
154    23 12.7 0.64 Cs. inornata F  
155    40 21.0 1.05 Ae. vexans F  
156   13 2 0.4 0.03 Ae. vexans M Y 
157       Cs. inornata F  
158    3 1.0 0.08 Cs. inornata F  
159    11 3.6 0.28 Cs. inornata F  
160    12 3.7 0.28 Cs. inornata F  
161       Cs. inornata F  
162       Cs. inornata F  
163       Cs. inornata F  
164       Cs. inornata F  
165       Cs. inornata F  
166       Cs. inornata F  
167       Cs. inornata F  
168       Cs. inornata F  
169       Cs. inornata F  
170       Cs. inornata F  
171       Cs. inornata F  
172       Cs. inornata F  
173       Cs. inornata F  
174       Cs. inornata F  
175       Cs. inornata F  
176       Cs. inornata F  
177       Cu. minnesotae F  
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Trap no. km from release site 
km divided 
by no. days 
Species Sex Colour 
178 August 21 13 13 4.4 0.34 Cs. inornata F Y (cont’d) 
179   7 5 2.0 0.29 Cs. inornata M P 
180    12 3.7 0.53 Cs. inornata F  
181     3.7 0.53 Cs. inornata F  
182     3.7 0.53 Cs. inornata F  
183     3.7 0.53 Cs. inornata F  
184   5 11 3.6 0.72 Ae. (Oc.) sticticus M B 
185    12 3.7 0.74 Cs. inornata F  
186    27 14.6 2.92 Cs. inornata F  
187  22 6 6 2.1 0.35 Cs. inornata F  
188  23 9 1 0.2 0.02 Cs. inornata F P 
189   7 27 14.6 2.09 Ae. vexans M B 
190  24 8 4 1.3 0.16 Cs. inornata F  
191  26 18 3 1.0 0.06 An. earlei F Y 
192   10 5 2.0 0.20 Cs. inornata F B 
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Appendix XV. Summary of recaptured mosquitoes by species and colour (2017). Species are listed as most to least abundant.  
Species Colour Total # recaptured % of total # recaptured Female % Male % 
Culiseta inornata Orange 19 26.4 94.7 5.26 
 Yellow 32 44.4 100  
 Pink 10 13.9 90.0 10.0 
 Blue 11 15.3 90.9 9.09 
 Total 72 100 95.8 4.20 
Aedes vexans Orange 16 23.9 25.0 25.0 
 Yellow 42 62.7 45.2 54.8 
 Pink 4 5.97 50.0 50.0 
 Blue 5 7.46 20.0 80.0 
 Total 67 100 50.7 49.3 
Anopheles earlei Orange 2 16.7 100  
 Yellow 8 66.7 62.5 37.5 
 Pink 2 16.7 100  
 Blue     
 Total 12 100 75.0 25.0 
Coquillettidia perturbans Orange 2 20.0 50.0 50.0 
 Yellow 7 70.0 57.1 42.9 
 Pink 1 10.0  100 
 Blue     
 Total 10 100 50.0 50.0 
Aedes (Oc.) sticticus Orange 4 44.4 75.0 25.0 
 Yellow 2 22.2 100  
 Pink 2 22.2 100  
 Blue 1 11.1  100 
 Total 9 100 77.8 22.2 
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Appendix XV. Continued from previous page. One (yellow) male mosquito of an unknown species has been omitted. 
Species Colour Total # recaptured % of total # recaptured Female % Male % 
Culiseta minnesotae Orange     
 Yellow 5 83.3 100  
 Pink     
 Blue 1 16.7 100  
 Total 6 100 83.3 1.66 
Culex territans Orange 1 20.0 100  
 Yellow 4 80.0 25.0 75.0 
 Pink     
 Blue     
 Total 5 100 40.0 60.0 
Aedes cinereus Orange 1 33.3  100 
 Yellow 2 66.7  100 
 Pink     
 Blue     
 Total 3 100  100 
Culex restuans Orange 1 33.3 100  
 Yellow 2 66.7 50.0 50.0 
 Pink     
 Blue     
 Total 3 100 66.7 33.3 
Culex tarsalis Orange 2 66.7 100  
 Yellow     
 Pink 1 33.3 100  
 Blue     
 Total 3 100 100  
Aedes (Oc.) dorsalis Orange 1 100 100  
 Yellow     
 Pink     
 Blue     
 Total 1 100 100  
203 
 
Appendix XVI. Summary of trap site environments. Percentages describe coverage of the two most abundant LULC classes. All coverage, 
NDVI and NDWI values were calculated within 1 km of each trap. 
Trap 
ID 
Primary LULC class (% 
coverage) 
Secondary LULC class (% 
coverage) 
Distance to nearest 
waterway (m) 
Avg. NDVI Avg. NDWI 
% cover of known 
larval habitats 
1 FOREST (33) RESIDENTIAL (31) 453 152 -0.45 56 
2 GRASS (39) CULTIVATED (20) 135 151 -0.45 45 
3 RESIDENTIAL (54) FOREST (14) 431 138 -0.34 0 
4 GRASS (27) GROUND (17) 602 129 -0.29 70 
5 GRASS (26) CULTIVATED (21) 3085 136 -0.30 34 
6 RESIDENTIAL (55) GRASS (18) 1382 132 -0.31 7 
7 RESIDENTIAL (31) GRASS (20) 649 141 -0.38 13 
8 RESIDENTIAL (40) RIVER (17) 514 133 -0.31 2 
9 RESIDENTIAL (55) FOREST (14) 194 140 -0.36 <1 
10 FOREST (30) CULTIVATED (29) 651 150 -0.43 23 
11 CULTIVATED (47) GRASS (27) 6590 148 -0.43 25 
12 RESIDENTIAL (31) INDUSTRIAL (22) 821 124 -0.25 16 
13 GRASS (21) CULTIVATED (20) 125 153 -0.46 23 
14 GRASS (30) RESIDENTIAL (29) 518 141 -0.37 34 
15 FOREST (28) RESIDENTIAL (26) 85 153 -0.46 35 
16 RESIDENTIAL (43) PAVEMENT (17) 3050 128 -0.28 13 
17 CULTIVATED (33) GRASS (25) 2941 143 -0.39 43 
18 GRASS (26) RESIDENTIAL (16) 3325 127 -0.26 51 
19 RESIDENTIAL (37) FOREST (28) 1030 150 -0.43 29 
20 CULTIVATED (27) RESIDENTIAL (19) 9142 138 -0.34 14 
21 RESIDENTIAL (60) GRASS (11) 1606 137 -0.35 10 
22 RESIDENTIAL (66) FOREST (14) 656 150 -0.42 2 
23 RESIDENTIAL (33) FOREST (25) 180 150 -0.43 38 
24 RESIDENTIAL (38) GRASS (16) 2882 127 -0.27 30 
25 RESIDENTIAL (34) INDUSTRIAL (27) 6988 126 -0.26 23 
26 GRASS (43) RESIDENTIAL (18) 100 139 -0.37 36 
27 RESIDENTIAL (56) GRASS (14) 436 143 -0.38 18 
28 RESIDENTIAL (46) GRASS (17) 169 142 -0.38 29 
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Appendix XVII. Summary of mosquitoes trapped, ordered by trap and species according to either trap indices (TI) and harmonic means (HM). 
Shaded values represent the three traps with the highest value for each species. 
Trap 
ID 
Ae. vexans Cx. tarsalis Cx. restuans Ae. dorsalis 
TI HM TI HM TI HM TI HM 
1 33155 1352 358 4.74 326 13.6 298 5.5 
2 15814 695 627 6.96 69 2.6 150 4.7 
3 13325 404 432 3.13 258 8.2 26 6.1 
4 39691 1418 1053 5.42 945 32.6 150 7.5 
5 2887 110 407 4.22 45 6.5 64 4.5 
6 10870 337 764 6.23 348 8.3 76 5.3 
7 32576 1898 589 5.28 267 23.9 81 6.6 
8 6941 254 177 2.04 157 5.4 36 4.3 
9 15387 755 151 2.32 119 4.7 25 4.2 
10 56230 2222 1671 27.8 821 29.9 59 5.7 
11 6785 206 629 6.37 96 5.4 72 5.4 
12 5882 184 320 6.30 124 3.7 126 12.0 
13 58828 3152 349 3.22 197 10.6 145 6.9 
14 31801 1464 759 10.5 668 21.1 106 12.1 
15 17436 630 89 1.23 188 3.3 37 3.3 
16 9313 387 331 3.11 311 5.4 55 7.8 
17 12333 511 465 6.78 144 4.9 151 6.1 
18 5541 69 1211 3.94 81 7.3 113 8.6 
19 31696 1285 331 5.53 311 19.7 54 10.0 
20 19850 933 910 11.2 220 5.0 86 3.3 
21 10664 71 176 5.41 198 11.0 25 11.9 
22 12206 725 93 3.20 501 22.7 396 4.3 
23 15316 919 67 3.84 258 9.9 27 2.8 
24 9764 180 646 3.62 53 2.9 94 5.4 
25 6385 308 312 3.11 100 3.6 41 3.8 
26 12115 645 462 4.40 127 3.2 418 7.0 
27 10020 416 109 6.03 120 7.4 34 6.2 




Appendix XVIII. Coefficients of variation (CVs) of proportional trap totals for each year (used to calculate TI) by species. The mean CV as 
well as the coefficient of variation of all within-year CVs is also shown for each species.  
Year Ae. vexans Cx. tarsalis Cx. restuans Ae. dorsalis 
2007 
0.63 0.86 0.91 1.02 
2008 1.26 1.50 1.28 1.31 
2009 1.28 1.18 1.26 5.29 
2010 0.83 1.12 1.04 1.05 
2011 1.06 2.16 1.39 1.25 
2012 1.67 1.19 2.40 1.16 
2013 1.17 1.34 1.20 1.69 
2014 1.01 0.81 0.99 3.64 
2015 0.73 1.13 1.13 - 
Mean CV 1.07 1.26 1.29 2.05 
CV of all 
yearly CVs 




Appendix XIX. Coefficients of variation (CVs) of the inverses of total trap counts for each year (used to calculate HM) by species. The mean 
CV as well as the coefficient of variation of all within-year CVs is also shown for each species.  
Year Ae. vexans Cx. tarsalis Cx. restuans Ae. dorsalis 
2007 0.79 0.80 1.03 1.03 
2008 2.21 1.24 1.25 1.00 
2009 2.00 1.25 1.37 5.29 
2010 0.88 1.00 1.52 0.98 
2011 1.10 0.86 1.20 0.91 
2012 1.00 1.11 1.02 0.92 
2013 3.42 1.32 1.28 1.02 
2014 2.02 0.84 1.20 1.64 
2015 0.87 1.59 1.13 - 
Mean CV 1.59 1.11 1.22 1.60 
CV of all 
yearly CVs 0.56 0.24 0.13 0.95 
 
